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Abstract
The facilitative glucose transporter, GLUT4 undergoes insulin-dependent movement to the 
cell surface in adipocytes. It appears to be sequestered out of an endosome system and into 
a reservoir or storage compartment from which it can be rapidly recruited in response to 
insulin. Due to the lack of sensitive markers and effective methods to study the movement 
of GLUT4 between compartments, novel markers were developed and described in this 
thesis. In particular a probe was needed that would tag cell surface GLUT4 and allow 
translocation kinetics to be followed without the need to fractionate the cells. The 
experiments described here test the efficiency of three new membrane-impermeant 
biotinylated photoaffinity labels, Bio-LC-ATB-BGPA, Bio-LC-G15 and Bio-SS-ATB- 
BGPA to detect GLUT4 in rat adipose cells. The Bio-LC-ATB-BGPA, Bio-LC-G15 labels 
GLUT4 efficiently. The Bio-LC-G15 compound has a very long spacer arm and this has 
allowed interaction with avidin in intact cells. The compound has therefore been 
successfully used to directly measure GLUT4 exocytosis. However, the Bio-SS-ATB- 
BGPA compound was ineffective in labelling GLUT4, probably due to its cleavable 
disulphide group. A polyclonal amino-terminal GLUT4 antibody has also been developed 
and characterised. This antibody showed similar characteristics to carboxyl-terminal 
GLUT4 antibodies when used in detecting GLUT4 by Western blotting. However, confocal 
microscopy revealed differences. The GLUT4 signal intensity was lower in basal than 
insulin-stimulated cells when using the carboxyl-terminal but not the amino-terminal 
antibody. It is suggested that this effect may be related to epitope masking of the GLUT4 
carboxyl-terminus in the storage compartment of basal cells. Density gradient 
centrifugation was employed in an attempt to separate different populations of intracellular 
GLUT4 vesicles. From analysis of the sedimentation of GLUT4 on glycerol and self­
forming iodixanol gradients it appeared that the levels of GLUT4 in the endosome 
compartment of rat adipocytes was very low. This situation contrasts with that reported for 
3T3-L1 cells and it is postulated that the rat adipocytes have a more efficient mechanism 
for removing GLUT4 from the endosome system. Computer simulations of trafficking 
between intracellular compartments revealed that in order to establish high GLUT4 levels 
within the endosome system, it was necessary to have some retrograde movement from the 
GLUT4 storage compartment back into the endosome system.
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1.0 Introduction
1.1 The Facilitative Glucose Transporter Family
1.1.1 The Function and Tissue Expression of Glucose Transporters
In mammals, the major fuel of the tissues is the carbohydrate, glucose. In order to utilise 
this sugar, a family of integral membrane proteins termed glucose transporters, or GLUTs, 
mediate the transfer of sugars over the plasma membrane. The transporters are not coupled 
to any energy requiring components, such as ATP hydrolysis or a H+ gradient, but act as 
facilitative transporters (Baldwin and Lienhard, 1981). The transport of the sugar is bi­
directional, although the net transport always occurs in the direction of high to low sugar 
concentration. The glucose transporters display a strong specificity for D-stereoisomers of 
hexose sugars. Typical natural substrates for these transport proteins include D-glucose, D- 
galactose, D-mannose and D-xylose.
To date, eight glucose transporters have been identified using purification and recombinant 
DNA techniques, (Table 1.1). These glucose transporters have been denoted GLUT1 
through GLUT5 and GLUT8/XI and GLUT9, according to their chronological 
identification. GLUT6 is a pseudogene with no protein product (Kayano et a l , 1990). 
GLUT 1, also known as the erythrocyte-type glucose transporter, has been extensively 
studied in relation other glucose transporters. GLUT1 is abundant in red blood cells (3-5% 
of the membrane protein) and brain microvessels but is also present in almost all tissues. Its 
function has been suggested to be to help meet the energy requirements of cells in basic 
non-stimulated conditions. GLUT1 was purified by Baldwin and colleagues (Baldwin et 
al., 1982) which enabled researchers to generate antibody probes for the protein (Baldwin 
and Lienhard, 1981; Davies et al., 1987a; Lowe and Walmsley, 1986; Walmsley, 1988). 
The antibodies were utilised to isolate the cDNA clone and the gene sequence for GLUT1 
(Bimbaum et a l , 1986; Fukumoto et a l , 1988; Mueckler et a l , 1985; Williams, 1988). The 
GLUT1 cDNA was then used to probe libraries from various tissues. This approach led to 
the discovery of other mammalian glucose transporters, (Table 1.1).
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Table 1.1: Major sites of expression of the different glucose transporters in human 
and rodent tissues.
Isoform Reference
GLUT1 Placenta; brain; blood-tissue-barrier; adipose and muscle 
tissue (low levels); tissue culture cells; transformed cells.
See review Seatter 
and Gould, 1999
GLUT2 Liver; pancreatic P-cell; kidney proximal tubule and small 
intestine (basolateral membranes)
Seatter and Gould, 
1999
GLUT3 Brain and nerve cells in rodents. Brain, nerve; low levels 
in placenta, liver and heart (humans).
Seatter and Gould, 
1999
GLUT4 Muscle, adipose and heart tissue. Seatter and Gould, 
1999
GLUT5 Small intestine (apical membranes), kidney, testis, brain, 
muscle adipose tissue, muscle and brain at low levels 
(human)
Small intestine (apical membranes), kidney (rat).
Seatter and Gould, 
1999
GLUT8/XI Blastocyst/ neuronal cell bodies and the most proximal 
dendrites
Ibberson et al., 2000
GLUT9 Brain and leucocytes Doege et al., 2000
1.1.2 Glucose Transporter Structure
When GLUT1 was molecularly cloned and sequenced (Baldwin et al., 1982) a 12 
membrane-spanning-domain model for GLUT1 was proposed. This was based on its 
hydropathy analysis (Mueckler et al., 1985). The analysis of the predicted amino acids of 
all the mammalian glucose transporters show that they are highly homologous with one 
another. A schematic representation of the proposed structure of the glucose transporter is 
given overleaf (Figure 1.1).
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Figure 1.1: Schematic Representation of the structure of the glucose transporter
The common features which were revealed by sequence alignment of the glucose 
transporters are:
•  12 amphipathic helices arranged with the amino- (NH2) and carboxyl- (COOH) termini
at the cytoplasmic surface.
• A large loop between helices 6 and 7 divides the structure into two halves, the amino- 
terminal domain and carboxyl-terminal domain.
• There is a large loop between helices 1 and 2.
• Loops between the remainder of helices at the cytoplasmic face are conserved and 
approximately 8 residues long. Loops at the extracellular surface of these proteins are 
relatively longer and have variable amino acid sequences.
With the advent of molecular biology, issues of structure-function relationships within the 
glucose transporters were addressed. It has been postulated that within GLUT1, the 
substrate passes through an aqueous channel, structurally made of five 12 membrane- 
spanning helices, (helices 3, 5, 7, 8 and 11) (Hresko et al., 1994; Mueckler et al., 1985). 
The residue V ail65 in helix 5 of GLUT1 has been identified to be crucial in transport 
activity of sugar (Mueckler et al., 1997). The substitution of the residue for groups with 
more bulky aliphatic side chains reduced transport activity. It was proposed that the residue 
Vail65 lies within the aqueous pore through which the substrate sugars traverses, and thus 
hindering sugar transport by sterically occluding the pore. The transporters are said to exist 
in either of two conformations, with the sugar substrate binding site exposed to either the 
extracellular surface of the membrane, or the cytoplasmic face. Mutagenesis studies have
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suggested that the putative transmembrane helices 7, 8 and 9 are involved in the exofacial 
binding site region (Hashiramoto et al., 1992). The transmembrane helices 10 and 11 are 
thought to constitute at least part of the endo facial site (Inukai et al., 1994).
It is thought that transmembrane 7 plays a major role in sugar transport by determining 
which sugar substrate is transported in each GLUT (Arbuckle et al., 1996). Current 
investigations by Seatter and colleagues indicate that a QLS motif, (Gin -Leu-Ser) in helix 
7 acts as a molecular filter that dictates the ability of GLUTs 1, 3 and 4 to transport D- 
glucose with high affinity but not D-ffuctose (Seatter et al., 1998). The QLS motif is absent 
in helix 7 of GLUT2 and GLUT5, the GLUTs that are able to transport D-ffuctose. Using a 
range of chimeric glucose transporters comprised of GLUT2 (HVA motif) and GLUT3 
(QLS motif) in Xenopus Oocytes, the abilities to transport D-ffuctose in these mutants were 
measured. There was an increase in D-ffuctose transport in the chimeric GLUT3 and a 
decrease in affinity for D-ffuctose in the chimeric GLUT2. The QLS region is thought to be 
intimately involved in substrate recognition at the exofacial binding site of the glucose 
transporter by interaction with the C-l position of the incoming sugar. Other important 
residues which have been identified have been GRR (Gly-Arg-Arg) sequence in the 
intracellular loop between helices 8 and 9 (Saravolac et al., 1997). Mutation of the GRR 
sequence between helices 8 and 9 of GLUT4 destroyed transport activity, but ligand 
binding to the exofacial and endofacial binding sites still occurred. Experiments indicate 
that the conserved GRR sequence in all glucose transporters may be involved in the 
conformational change that accompanies sugar transport (Schurmann et al., 1997). Further 
work is necessary and is still being carried out to obtain a coherent picture of the structure- 
function of these glucose transporters, (for review see Barrett et al., 1999).
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1.2 GLUT4: The Insulin-Regulatable Glucose Transporter
1.2.1 GLUT4 in Insulin-Sensitive Cells
The effect of insulin on glucose transport has been studied extensively in rat white 
adipocytes. Isolated rat adipocytes exposed to insulin show a large increase (20-fold) in the 
rate of glucose transport (Simpson et al., 1986). This increase in glucose transport activity 
is associated with an increase of Vmax, but with little or no change in the Km. For many 
years, researchers postulated that the increase in glucose transport activity in insulin- 
stimulated tissues was due to an alteration of the intrinsic activity of glucose transporters at 
the plasma membrane (Czech et al., 1992). However, in the early 1980s, two independent 
groups discovered that the increase in glucose transport was due to a net ‘translocation’ of 
transporters from inside the cell membrane to the cell surface (Cushman and Wadzala, 
1980; Suzuki and Kono, 1980). Since this landmark discovery, investigations to identify 
the glucose transporters that translocate to the plasma membrane in insulin-sensitive tissues 
have been pursued. With the application of molecular biology, cloning techniques by five 
independent groups identified the insulin-regulatable GLUT4 isoform (Bimbaum, 1989; 
Charron et a l , 1989; Fukumoto et al., 1989; James et al., 1989a; Kaestner et al., 1989). 
The GLUT4 isoform is found only in insulin target cells i.e. white and brown adipose cells, 
cardiac myocytes and skeletal muscle. That GLUT4 translocation is responsible for the 
increase in glucose transport in muscle, fat and heart tissues, which is generally accepted. 
However, the mechanism by which its translocation is triggered with insulin and how it 
moves from intracellular site(s) of the cell are issues being addressed.
1.2.2 The Rationale for Studying GLUT4 Trafficking
Insulin from the p cells of the pancreatic islets of Langerhans (Deforonzo et al., 1992) 
triggers an increase in GLUT4 at the plasma membrane of insulin target tissues. This 
enables the removal of high levels of glucose from the bloodstream by virtue of the 
increase in glucose transporter activity across the plasma membrane. The presence of 
insulin also acts to catalyse key enzymes for hepatic glycogen production from glucose, 
synthesis of proteins in muscle, and triglyceride formation in adipose tissue to allow the
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storage of fuels. These actions enable glucose homeostasis to occur. Defects in the 
regulation of glucose transport underlie certain pathophysiological conditions such as non- 
insulin-dependent diabetes mellitus, (NIDDM). Diabetes Mellitus is a complex disease 
formed by the ‘overproduction’ of glucose by the liver and ‘underutilization’ by other 
organs such as muscle and adipose and other insulin-dependent tissues. There are two 
forms of this disease, Type 1 Diabetes, also known as juvenile onset (insulin-dependent 
diabetes mellitus: IDDM) and Type 2, maturity onset (non-insulin dependent diabetes 
mellitus: NIDDM). It is the Type 2 Diabetes that accounts for 90-95% of all cases of 
diabetes (American Diabetes Association, 1997). Type 1 (insulin-dependent) Diabetes 
appears mainly in childhood and is the result of the autoimmune destruction of the 
pancreases P cell population. In contrast, Type 2 Diabetes develops gradually over many 
years. In the early stage of Type 2 Diabetes, patients suffer from an inadequate response to 
insulin. This is termed ‘insulin resistance’. At first, the pancreas may compensate for this 
by increasing insulin secretion causing high levels of plasma insulin. This is 
hyperinsulinemia. The p cells may however eventually become ‘exhausted’ which results 
in impaired function and the development of Diabetes. It has been postulated that defects in 
insulin-stimulation of the glucose transporter causes this insulin resistance (Garvey et al., 
1993; Garvey et al., 1998). The worldwide prevalence of Diabetes is increasing at such a 
rapid pace that the World Health Organisation (WHO) has identified diabetes as an 
epidemic condition (King and Rewers, 1991). According to the World Health Report 1998, 
Diabetes in adults will more than double globally from 143 million in 1997, to 300 million 
by 2025 (World Health Organisation, 1998). Thus, the mechanisms of the components of 
glucose transport and the trafficking and targeting action of GLUT4 must be unearthed.
1.2.3 The Insulin Signalling Pathway
Many different insulin signalling pathways have been implicated in insulin-stimulated 
GLUT4 translocation. Although the work in this thesis does not touch upon insulin 
signalling, it is important to mention the main components of the system, as defects within 
this signal-transduction process may lead to insulin resistance (Section 1.2.2).
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Insulin binds to the heterotrimeric (0C2 P2) insulin receptor (IR), which results in 
autophosphorylation of tyrosine residues in the P-subunits. This in turn leads to the 
association and phosphorylation of downstream proteins. Target proteins for the insulin 
receptor include a family of multi-functional docking proteins known as insulin-receptor 
substrates (IRS). Four members of the IRS family have been described so far: IRS-1, (Sun 
et a l, 1991), -2, (Sun et a l, 1995), -3 (Lavan et a l, 1997a) and -4 (Lavan et a l, 1997b). 
IRS1 and IRS2 (White, 1998) are most notably the target proteins for the IR. 
Phosphorylation of these IRS proteins, triggers the activation of a number of signalling 
cascades, one of which includes activation of phosphatidylinositol 3-kinase (PI 3-kinase). 
This signal transduction pathway ultimately results in the exocytic translocation of GLUT4 
vesicles from an intracellular pool to the plasma membrane.
Substantial data has supported a necessary role for the class la  p85/p 110-type, PI 3-kinase 
in insulin-stimulated GLUT4 transloaction. Wortmannin (Ui et a l, 1995) and LY294002 
(Vlahos et a l, 1994) are specific inhibitors of PI 3-kinase. Inhibition of PI 3-kinase 
activity either with wortmannin (Clark et al., 1994; Kotani et al,, 1995) or LY294002 
(Kotani et a l,  1995) and by the expression of dominant interfering mutants of p85 (Hara et 
a l, 1994) in adipocytes, causes a complete block in insulin-stimulated GLUT4 trafficking. 
Conversely, expression of constitutively active PI 3-kinase stimulates glucose transport 
(reviewed in Shepherd et a l, 1998). PI 3-kinase forms 3’ phosphoinositides, of which its 
product phosphoinositide-3,4-5-trisphosphate, (PEP3) is also required for GLUT4 
translocation (Vollenweider et a l, 1999).
The insulin-stimulated generation of PIP3 at the plasma membrane functions to activate the 
phosphoinositide-dependent protein kinase 1 (PDK1), (Alessi et a l, 1997; Stokoe et a l, 
1997), which phosphorlyates and activates two classes of downstream serine-threonine 
kinases: Protein kinase B (PKB/Akt) and Protein kinase C<£ (PKC<£/X) (Currie et a l, 1999). 
Several recent studies have indicated that Akt2 is a key player in mediating insulin’s full 
effects on GLUT4 translocation. Dominant negative Akt mutants and microinjection of Akt 
peptides into insulin-responsive cells inhibit insulin-stimulated GLUT4 translocation by 
60% (Hill et a l, 1999; Wang et a l, 1999). Expression of a constitutively active Akt in 
adipocytes and L6 myotubes has been shown to stimulate GLUT4 translocation (Cong et
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al., 1997; Wang et al., 1999). Dominant negative PKCf^A, mutants or microinjection of an 
anti-PKCA, antibody or pseudosubstrate peptides inhibit GLUT4 translocation 
(Bandyopadhyay et al., 1999; Kotani et al., 1998; Saad et al., 1993; Yang et al., 2000). 
Similar to Akt, the overexpression of wild-type or constitutively active PKC£/X stimulates 
GLUT4 translocation (Bandyopadhyay et al., 1999; Etgen et al., 1999; Kotani et al., 1998). 
Investigators are now looking into downstream targets of either Akt or PKC< /̂X and their 
significance in GLUT4 trafficking. It has been reported that PKC^ interacts with Akt 
(Barthel et al., 1998; Doombos et al., 1999). The significance of this interaction is unclear, 
although it has been suggested that the PKC^ masks the PIP3 binding sites for Akt, thus 
acting as a negative regulator (Doombos et al., 1999). The Akt is released in the presence 
of PDK1, allowing simultaneous activation of PKC£ and Akt.
In addition to the PI 3-kinase signalling, it has been recently demonstrated that a pathway, 
which includes the proto-oncoprotein Cbl, is involved in GLUT4 translocation. Insulin- 
stimulation results in Cbl tyrosine phosphorlyation via its adaptor protein, CAP, (Ahmed et 
al., 2000; Krook et al., 1997; Ribon et al., 1998). The Cbl/CAP complex is proposed to 
initiate a signalling pathway that is independent of PI 3-kinase to generate GLUT4 
translocation (Baumann et al., 2000). The specific downstream signals of the Cbl/CAP 
complex and their interaction between PKC^ and Akt are yet to be determined, (reviewed 
in Watson and Pessin, 2001).
1.3 The Study of Trafficking of GLUT4 Vesicles
1.3.1 GLUT4 Vesicles
GLUT4 protein is found in small vesicles, which can be fractionated from fat cells. 
Simpson et a l, have established a standard experimental protocol of differential 
centrifugation of fractions from mature rat adipocytes (Simpson et a l, 1983). 
Subfractionation yields the plasma membrane (PM), high density microsomes, (HDM) 
which are enriched in endoplasmic reticulum and low density microsomes, (LDM), 
enriched in the Golgi apparatus. In the basal state, GLUT4 is found in the LDM and to a 
lesser extent in the HDM (Zorzano et a l, 1989). GLUT4 found in these fractions are 
uniform vesicles of around 50 nm, (Kandror et a l, 1995) with a sedimentation distribution
l
close to that of ribosomes and with a buoyant density of about 1.12 g/cm (Kandror and 
Pilch, 1996). GLUT4 vesicles in adipocytes show that they comprise 2-3% of the LDM 
fraction, and about 0.2% of cellular protein (James et. al, 1987; Zoranzo et. al, 1989).
1.3.2 GLUT4 Recycling Kinetics
In both the basal and insulin-stimulated states of fat and muscle cells, GLUT4 vesicles are 
continuously internalised and recycled back to the cell surface, (Yang and Holman, 1993). 
In basal adipocytes, GLUT4 has an exocytotic rate (kex) which varies between 0.01'1 min 
and 0.024 min'1 (Jhun et al., 1992; Satoh et al., 1993; Yang and Holman, 1993). In 
comparison to other recycling proteins such as GLUT1 (kex = 0.035 min'1) and transferrin 
receptor (kex = 0.111 min'1), the exocytotic rate of GLUT4 is very slow (Tanner and 
Lienhard, 1987; Yang and Holman, 1993). With insulin-stimulation the rate of GLUT4 
exocytosis increased to between 0.32 min'1 and 0.86 min'1 (Jhun et a l, 1992; Satoh et a l, 
1993). GLUT4 moves from an intracellular location to the cell surface with a half time of 
approximately 1.5 min. This is subsequently followed by the stimulation of glucose 
transport with a half time of this 2.5 min at 37 °C (Holman et al., 1994).
As well as the 10-to 20-fold increase in the rate of GLUT4 exocyotsis studies have shown a
decrease (1.3 - 3-fold) in the rate of GLUT4 endocytosis (Czech et a l, 1993; Czech, 1995;
Holman and Cushman, 1996; Jhun et al., 1992; Kandror and Pilch, 1996; Satoh et a l,
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1993; Yang and Holman, 1993). These observations are consistent with the hypothesis that 
in the absence of insulin, GLUT4 is sequestered and stored into intracellular compartments 
or a specialised storage compartment. In the presence of insulin GLUT4 is mobilised and 
recycles back to the cell surface.
1.3.3 Methods used to Study GLUT4 Trafficking
Important information on the kinetics of GLUT4 (and GLUT1) movement from 
intracellular site(s) to the plasma membrane in the absence and presence of insulin has been 
generated using photoaffinity probes for GLUT4 (Yang and Holman, 1993). Photoaffinity 
labelling has also enabled the study of aspects of the structure and catalytic function of 
glucose transporters. Photoaffinity labelling requires the modification of the natural ligand 
by the incorporation of a chemically inert but photochemically labile group (Bayley and 
Knowles, 1977). The fungal metabolite cytochalasin B (Cushman and Wardzala, 1980), 
and the diterpene forskolin (Joost and Steinfelder, 1987) are lipophilic compounds which 
bind with high affinity to glucose transporters. These ligands inhibit glucose transport 
activity, and their binding to the transporters is in turn inhibitable by glucose. The 
photolabels have been used extensively to identify and characterise the glucose transporter 
isoforms. For example, the photolabelling with [3H]cytochalasin B of different mutant 
glucose transporters has led to the identification of the amino acid residues that play an 
important role in glucose transport activity (Inukai et al., 1994; Muraoka et al., 1995). The 
derivative of forskolin, 3-[125I]iodo-4-azidophenethylamido-7-0-succinyldeacetyl- 
forskolin (IAPS-forskolin) has high specificity of photoincorporation into glucose 
transporters (Wadzinski et al., 1987). With IAPS-forskolin an additional binding site to the 
transmembrane 10 has been described near the transmembrane 9 domain (Hellwig et al., 
1992; Schurmann et al., 1993).
A series of photoaffinity compounds, that have generated a large amount of data used in
quantifying glucose transporter levels and understanding the trafficking kinetics of the
different glucose transport isoforms, are the bis-hexoses developed by Holman and
colleagues (Clark et al., 1990; Holman et al., 1985; Midgley et al., 1985a,b). Unlike
cytochalasin B and forskolin the compounds developed by Holman and colleagues do not
permeate the cell. This characteristic has enabled glucose transporters at the cell surface of
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intact cells to be tagged. The determination of levels of glucose transporters at the cell 
surface, and subsequently their recycling kinetics between the plasma membrane and 
intracellular compartments, has been achieved (Calderhead et al., 1990; Clark et a l , 1991; 
Holman et a l, 1990; Holman and Cushman, 1994; Yang et a l, 1992a; Yang and Holman, 
1993).
The development of the membrane-impermeant hexose analogues first began in 1985 and is 
still on going in order to produce more sensitive probes to study glucose transporters. It was 
found that a compound synthesised with an amino group (propyl-2-amine bridge) between 
two D-mannose moieties had a high affinity for glucose transporters. This l,3-bis-(D- 
mannos-4-yloxy)-2-propylamine (BMPA) compound was attached to a range of 
photoactivateable groups in order to use the compound as a photoaffinity label. The 
resulting compounds were hydrophilic and membrane-impermeant (Midgley et a l, 1985a). 
The photoreactive derivatives of BMPA were found to have a higher affinity for the 
glucose transporter than the parent compound D-mannose, but the affinity was much lower 
than that of cytochalasin B (Carter-Su et a l, 1982; Shanahan, 1982) and IAPS-forskolin 
compounds (Wadzinski et a l, 1987). The first effective photoactive label was from the 
azidosalicoyl derivative of BMPA, (ASA-BMPA). This compound produced selective 
labelling for the erythrocyte glucose transporter (Holman et a l, 1986), but this proved not 
to be as selective as the carbene precursor benzophenone derivative of BMPA, (BB- 
BMPA) (Holman et a l, 1988). The BB-BMPA required a relatively longer irradiation time 
to incorporate into the transporters than the ASA-BMPA compound. Eventually, an 
alternative diazirine substituent was utilised to produce the compound ATB-BMPA (Clark 
et a l, 1990). The structure of the ATB-BMPA compound is shown in Figure 1.2i, page 13 
On irradiation, the diazrine of ATB group looses nitrogen and generates a short-lived 
carbene (Figure 1.2ii). This carbene interacts with the active-site protein side-chains. The 
ATB-BMPA compound has been shown to be highly selective for the glucose transporter. 
It has a high affinity for the erythrocyte glucose transporter GLUT1 (the Ki is 300 pM) and 
for the GLUT4 insulin-sensitive isoform in adipocytes (Ki for basal and insulin-stimulated 
glucose transport is 247 pM) (Holman et a l, 1990). The binding site of ATB-BMPA in the 
glucose transporter is proposed to be at the extracellular binding site. Proteolysis cleavage 
studies have revealed that the ATB-BMPA compound binds between the residues Ala 301
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and Arg 330 on the transmembrane domain of GLUT1 (Baldwin, 1993; Gould and 
Holman, 1993).
The tritiated derivative of the ATB-BMPA compound combined with specific glucose 
transporter antibody immunoprecipitation, enabled estimation of the levels of glucose 
transporter isoforms in a range of cell types. The levels of GLUT4 and GLUT1 at the cell 
surface in insulin-treated rat adipocytes compared to basal cells increased by 15-20 fold 
and 3-5 fold, respectively (Calderhead et a l, 1990; Holman et a l , 1990). The levels of the 
glucose transporters at the cell surface have been directly compared to 3-O-methyl-D- 
glucose transport under different conditions. The ATB-BMPA photolabelling technique 
revealed that there were high levels of GLUT1 and low levels of GLUT4 present in 3T3-L1 
cells when chronically treated with insulin compared with control cells (Palfreyman et al., 
1992). It was concluded that GLUT1 did not contribute as significantly as GLUT4 to 3-0 
methyl-D-glucose transport.
Further development of the ATB-BMPA compound has been pursued and have led to the 
development of labels which are not dependent on tritium for their detection (Koumanov et 
al., 1998). These relatively new compounds rely on the attachment of a biotin molecule to 
the central core of the ATB-BMPA unit by a polyethylene glycol linker, (Figure 1.2iii). 
The detection of the tagged glucose transporter occurs by the interaction of biotin with 
avidin or streptavidin. The biotin-linked ATB-BMPA compounds have advantages over the 
tritiated compounds. Firstly, they provide a means for sensitive non-radioactive detection 
of cell surface transporters. Secondly, there is potential for studying glucose transporter 
translocation without fractionation. This is one of the issues studied in this thesis. The 
biotin attached to the label enables the tagged glucose transporter to be detected with 













Figure 1.2: The Structure and Activation of the ATB-BMPA Compound with UV Irradiation. The ATB- 
BMPA (2-N-( 1 -azi-2v2,2-trifluoroethyl)benzoyl-1,3-bis(D-mannos-4-yloxy)-2-propylamine) is represented in Figure 1.2i. The 
compound consists of a propylamine bridge (1) between two mannose units (2) and a photoreactive diazirine (3). Upon UV 
irradiation, a carbene (4) is generated which cross-links with the protein (5), (see Figure 1.2ii). A biotin group (6) attached to the 
ATB-BMPA compound with an amino-caproate (7) poiyethylene glycol linker (8) is shown in Figure 1.2iii to give Bio-LC-ATB-BMPA.
1.3.4 Marker Proteins for Tracking GLUT4 Vesicles
To elucidate the mechanism in which GLUT4 is stored and shuttled within the cell, a 
comparison of trafficking of GLUT4 with other proteins found in the endosomal system 
and trans-Golgi network can be made. Examples of marker proteins to the different 
trafficking pathways are in Table 1.2 below.
Table 1.2: Established M arker Proteins
TGN Recycling
Endosome
Sorting Endosome Late Endosome Lysosomes
TGN38 TfR TfR CI-M6PR lgpl20
Furin R abll EEA1 Rab7 LAMP-1
6-COP Rab4 Rab5 Rab9 Lysobisphosphatidic
acid
Abbreviations used: TGN, trans-Golgi network; Rabs, small GTP-ases; CI-M6PR, cation-independent 
mannose-6- phosphate receptor; EEA1, early endosomal autoantigen 1; TfR, transferrin receptor; B-COP, B 
-cytosolic coat protein; LAMP, lysosome associated membrane protein. Table adapted from Clague 
(Clague, 1998)
The early endosome system is the major sorting station in the endocytic pathway. 
Material from this organelle is directed to either recycling endosomal systems 
(transferrin receptors); later endocytic compartments (EGF receptors) or regulated 
secretory vesicles (GLUT4). The TGN is the site of storing of newly synthesised 
membrane proteins. These can recycle between intracellular compartments and 
residence here are proteins such as the mannose-6-phosphate receptors (M6PRs), 
lysosomal proteins, and secretory proteins. The TGN (located in proximity to the trans- 
Golgi cistemae) is distinguished from endosomal elements by the use o f the TGN38 
marker protein (Luzio et al., 1990; Reaves et al., 1992) or furin (Bosshart et al., 1994; 
Molloy et al., 1994; Shapiro et al., 1997). 13-COP (cytosolic coat protein), a protein 
found on the cis side of the Golgi complex in pancreatic acinar cells and on the lateral 
rims and trans face of the Golgi complex in spermatids (Oprins et al., 1993; Martinez- 
Menarguez et al., 1996) has also been used to track GLUT4, (see Section 1.5.2).
The trafficking of the transferrin receptor (TfR) is one of the best-characterised systems
of protein trafficking. It moves between the cell surface and intracellular compartments
of the cell. Studies on TfR (Tanner and Lienhard, 1987) recycling have defined a
tubular 'recycling endosome1 (see Section 1.5.1). Rabs (small GTPases) also mark
14
regions of the endosome system. The recycling endosome system is rich in the small 
GTPase Rabl 1, whereas Rabs 4 and 5 are found in early endosomes (Sheff et a l , 1999; 
Triscler et al., 1999). It is proposed that Rab4 and Rabl 1 are involved in the regulation 
of recycling back to the plasma membrane, whilst Rab5 controls transport to early 
endosomes. The late endosomes represent the point in the endocytic pathway where the 
cation-independent (Cl) mannose 6-phosphate receptor (M6PR) is most concentrated 
and from which it is recycled back to the TGN (Griffiths et al, 1988). Degradative 
enzymes are active in the late endosome compartment, but are more concentrated in the 
lysosomes (Griffiths et al, 1988; Tjelle et al, 1996). All these compartments are 
established structures but ongoing research continually reveals the possibility o f futher 
subdivisions within them. For example, the GTPases Rab4, Rab5 and Rabl 1 have been 
shown to have partial overlap with the TfR, thereby revealing many subdivisions o f the 
transferrin compartment (Mohrmann and van der Sluijs, 1999).
In addition to the marker proteins, there are a number of proteins that are associated 
with GLUT4 vesicles. Some of these may be used to track GLUT4 vesicle movement. 
The insulin-responsive aminopeptidase (IRAP) shares many of the characteristics of  
GLUT4 and is used as a specific marker for GLUT4 trafficking (Garza and Bimbaum, 
2000; Kandror and Pilch, 1994; Malide et al, 1997b; Ross et al, 1996). Its function is 
not yet defined. Sortilin is another GLUT4-vesicle associated protein (Lin et a l,  1997; 
Petersen et al,  1997). This 1 lOkDa protein has been found to be located primarily in the 
low density microsomes with GLUT4 in rat and 3T3-L1 adipose cells. Insulin caused a 
1.7-fold increase in the amount of sortilin at the plasma membranes o f 3T3-L1 
adipocytes, as assessed by cell surface biotinylation (Morris et al, 1998). The role of  
this protein is not known, but previous characterisation of sortilin has led to the 
suggestion that it functions to sort lumenal proteins from the trans Golgi network 
(Petersen et al,  1997).
A 62 kDa carboxyl esterase (p62/CE) from rat adipose tissue has been recently 
identified to be associated with GLUT4 in rat adipose tissue (Lee et al, 2000). Again, 
the function of the protein is unclear, but antibodies against p62/CE have been shown to 
abolish the insulin-induced recruitment of GLUT4 to the plasma membrane. GLUT4- 
enriched vesicles have also been found to be associated with acyl-CoA synthetase 1 
(Sleeman etal., 1998).
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Other proteins that are being studied in comparison with GLUT4 vesicle trafficking 
include: leptin, an adipocyte complement related protein of 30 kDa (ACRP30), and a 
serine protease adipsin (Barr et al.y 1997; Hu et al., 1996; Kitagawa et al., 1989). The 
secretion of all three proteins is enhanced with insulin-stimulation and this process is 
dysregulated in obesity. However, studies so far have shown no evidence of leptin 
associating with GLUT4 vesicles (Barr et al., 1997). Only 50% of GLUT4 vesicles are 
associated with adipsin (Millar et al., 2000). Bogan and colleagues used endogenous 
ACRP30 and GLUT4 to define two different compartments for insulin-stimulated 
exocytosis in 3T3-L1 adipocytes (Bogan and Lodish, 1999). Pharmacologic PI-3 kinase 
inhibitors blocked ACRP30 secretion, similar to the inhibition of GLUT4 translocation. 
However, immunofluorescence showed no overlap in the subcellular distributions of 
GLUT4 and ACRP30 in unstimulated and in insulin-stimulated 3T3-L1 adipocytes. 
This was in contrast to the partial overlap of GLUT4 and the TfR. These studies showed 
that two different secretory pathways co-existed: one for ACRP30 and the other for 
GLUT4.
1.4 Regulated Vesicle Secretion and Membrane Trafficking
Many cells possess machinery that serves to regulate membrane traffic to the cell 
surface. Investigations have highlighted the fact that proteins trafficking from yeast to 
mammalian cells have similar basic mechanisms by which proteins move between 
intracellular compartments and the plasma membrane (Jackson, 1998; Le Borgne and 
Hoflack, 1998; Gu and Gruenberg, 1999; Marsh and McMahon, 1999). To gain an 
insight into the roles of proteins associated with GLUT4 vesicles, investigators have 
looked towards other membrane trafficking proteins and their involvement in regulated 
secretion, (for example neurotransmitter secretion), or constitutive intracellular vesicle 
trafficking pathways (such as the TfR). The movement of vesicles can be categorised 
into four general stages:
• Endocytosis or the formation of vesicles from specific cellular membranes
• Movement of the vesicle towards its target membrane
• Tethering/docking with the acceptor membrane
• Fusion of the lipid bilayers
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Secretory granules are specialised vesicles containing bioactive molecules such as 
hormones and peptides. These vesicles are secreted in a regulated fashion when an 
external stimulus is received, resulting in their contents to be released. The secretory 
granules are found in all exocrine, endocrine, neuroendocrine and neuronal cells 
(reviewed by Tooze, 1998). A prime example is the regulated secretion of granules 
containing neurotransmitters that are stored near presynaptic terminals. Action potential 
entry into the presynaptic terminal results in calcium increases that trigger the 
exocytosis of the neurotransmitter granules and a release of their contents (reviewed by 
Martin, 1997). It has been suggested that GLUT4 may be analogous to 
neurotransmitters in that they are packaged into secretory granules and stored until 
insulin triggers their exocytosis (Martin et al., 2000).
De novo biogenesis of secretory granules is required to replace the pool of secretory 
granules depleted by exocytosis. The biogenesis of secretory granules occurs at the 
TGN (reviewed by Tooze, 1998) whereas small synaptic vesicles are formed from the 
endosomal system (de Wit et al., 1999) or directly from the plasma membrane (Schmidt 
et al. 1997). The biogenesis of secretory vesicles requires several regulated steps: (1) 
aggregation of regulated secretory proteins and their sorting to the membrane in the 
TGN; (2) budding from the TGN; (3) homotypic fusion of immature secretory granules; 
and (4) remodelling of the immature secretory granules by clathrin-mediated vesicle 
budding. This process generates larger, mature secretory granules. Maturation is highly 
regulated and results in the production of secretory granules with a precisely defined 
composition (reviewed by Tooze et al., 2001).
1.4.1 Formation of Coated Vesicles
The first step in vesicle trafficking is the formation of coated vesicles with their selected 
material. Coats are derived from soluble, cytosolic precursors and bind to specific 
organelle membranes. Two basic types of coat complexes have been extensively 
characterised: COPI and COPII.
The clathrin-coated pit acts as the major port of entry for many receptors and proteins 
and is the paradigm for membrane-based sorting events in higher cells. Coated pits 
result from polymerisation of clathrin, adaptor complexes and a range of other 
molecules from the cytosol onto the membrane. Coat formation was first discovered by
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Roth and Porter during their studies of yolk protein uptake in mosquito oocytes (Roth 
and Porter, 1964). They observed that when the yolk proteins bind to the oocyte surface, 
the membrane invaginates to form bristle-coated pits. These pits pinch off to form 
coated vesicles, which carry the adsorbed protein into the cell, the coat is then lost and 
the vesicles fuse to a storage granule. Their observations led to the proposal that the 
formation of coated pits and vesicles would be transient and that the coats would play a 
role in the formation of what is adsorbed and on the selectivity of the adsorbed material. 
Eventually, isolated coated vesicles from guinea pig brain were visualised by negative 
staining microscopy. The coats were shown to consist of a lattice-like polyhedral 
network (Kaneseki and Kadota, 1969). The major protein component of the vesicles 
was isolated and named clathrin (Pearse, 1975). Clathrin consists of both a heavy chain 
protein (HC) and two smaller polypeptide light chains (LCa and LQ,), which assemble 
together (three heavy chains and three light chains) to form the basic clathrin assembly 
unit, the triskelion. Clathrin triskelions are heterogeneous in nature, as the distribution 
of the two different light chains is random (Hirst and Robinson, 1998). A number of 
proteins have been shown to internalise via clathrin coated pits, including low density 
lipoproteins (LDL), GLUT4 (Section 1.5.2), the TfR and the epidermal growth factor 
receptor (EGFR) (reviewed in Hirst and Robinson, 1998).
Many molecular interactions occur as the coated pit assembles, invaginates and pinches 
off (Gagescu et al., 2000). Adaptor proteins, (Section 1.4.2) are targeted to the plasma 
membrane and trigger the subsequent assembly of clathrin into a curved polygonal 
lattice that pulls the membrane inward, forming a deep pocket. Adaptor proteins also 
interact directly with proteins to affect the concentration of proteins in coated pits. The 
GTPase dynamin, (Section 1.4.3) is targeted to the assembling clathrin lattice. On GTP 
binding, dynamin migrates to the necks of the emerging membrane bud and self- 
assembles into a small spiral structure, forming a "collar" at the neck of an invaginated 
coated pit (reviewed in Wamock and Schmid, 1996).
The COP (coatomer) coated vesicles were first identified and purified by Rothman from 
mammalian cells (Rothman, 1994) and by Schekman and colleagues from yeast (Pryer 
et al., 1992). The COP proteins COPI and COPII, mediate vesicle formation in the 
endoplasmic reticulum (ER) and the Golgi (Springer et al., 1999). Their assembly is 
regulated by the small GTP binding proteins, ADP-ribosylation factor (ARF1; Section 
1.4.3) and Sari (Kuge et al., 1994), respectively. COPI coats generally function in the
secretory pathway (Oprins et al., 1983), although they may also act at the level of 
endosomes (Whitney et al., 1995). COPII coats also act early in the secretory pathway 
but do so at a single site: they are responsible for forming ER transport vesicles, which 
then proceed toward cis-Golgi elements (Bednarek et al., 1995).
1.4.2 Vesicular Targeting: Role of Adaptor Proteins
Vesicular traffic requires a set of recognition processes that differentiate the proteins to 
be moved from those that should remain in place. For example, COPI coats bind to ER- 
derived and Golgi membranes that form vesicles containing membrane proteins bearing 
the di-lysine motif, KKXX (Cosson and Letoumer, 1994). Adaptor proteins are 
involved in regulating clathrin-coated vesicle formation.
Four adaptor complexes have been characterised to date. AP-1 localised to the TGN, 
AP-2 localised to the plasma membrane, AP-3 localised to the endosomal compartment 
and the newly described AP-4, targeted to or near the TGN, (the latter two protein coats 
do not seem to involve clathrin) (reviewed inKirchhausen et al., 1997; Dell'Angelica et 
al., 1999). Adaptor complexes consist of two 100 kDa adaptins (y-andpl- (AP-1), a- 
and (32 (AP-2), 5- and p3- (AP-3), s- and P4 (AP-4)), and in addition, a medium » 45 
kDa p chain (pi, p2, p3, p4) and a small» 20 kDa cj chain (a l, a2, a3, a4) (reviewed 
Robinson and Bonifacino, 2001). All adaptor subunits are derived from protein 
superfamilies, the most distantly related are the a-, y-, 5- and E-subunits, which are 
thought to direct the complexes from the cytosol onto the host membranes (Schmid, 
1997).
Adaptor proteins assist in uniform coat assembly under physiological conditions,
(Zaremba and Keen, 1983). Evidence indicates that it is the p subunits of the adaptor
complex which are responsible for the clathrin-adaptor interaction. Ahle and
Ungewickell carried out binding assays of purified p2-adaptin interactions with clathrin.
It was shown that the adaptin and clathrin bound with a stoichiometry of one to one, and
could compete with the entire AP-2 complex for clathrin binding (Ahle and
Ungewickell, 1989). However, not all adaptor complexes are thought to be involved in
clathrin-coat assembly. The AP-3 complex is not enriched in purified clathrin-coated
vesicles (Newman et al., 1995; Simpson et al., 1996). Furthermore, an in vitro system
that reconstitutes the budding of synaptic-like microvesicles from PC 12 endosomes is
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dependent on AP-3 but apparently does not require clathrin (Shi et al., 1998). Further 
work is necessary to characterise the function of AP-3 and AP-4 complexes.
In addition to their association with clathrin, adaptors also bind to the cytoplasmic tails 
of transmembrane receptors and transporters. The M6PR was shown to form aggregates 
with the plasma membrane adaptor complex AP-2 when incubated under non­
denaturing conditions (Pearse, 1985). Later, in vitro binding assays revealed that 
adaptors at both the plasma membrane and the TGN bind to receptor tails (reviewed in 
Schmid, 1997). It is thought that the clathrin adaptor complexes bind to proteins via 
their sorting signals in their receptor tails including GLUT4 (see Section 1.6.2). Sorting 
signals, such as the tyrosine-based YXXj), (where X is any amino acid and Y is a bulky 
hydrophobic residue) or the dileucine motif are recognised by the subunits of the 
adaptor complexes. There is substantial evidence that these interact with all of the 
adaptor complexes via their p.- or p-subunits, presumably at differential binding sites 
within these subunits (for review see Kirchhausen., 1999).
1.4.3 GTP Binding Proteins in Vesicle-Coat Formation
There is a number of GTP binding proteins (GTPases), which control the formation of 
vesicle coats at distinct steps in intracellular membrane transport. These GTPases ae 
active when bound to GTP and inactive when bound to GDP. The presence of GTP has 
been shown to be important in GLUT4 translocation. Guanosine 5’-0-(3- 
thiotriphosphate (GTPyS) has been reported to stimulate glucose transport both by 
increasing the rate of exocytosis and by appreciably decreasing the rate of endocytosis 
(Shibata et al., 1995).
Dynamin is a large, 100-kDa GTPase originally isolated from calf brain (Shpetner and 
Vallee, 1989). Three dynamin isoforms have been identified to date, sharing 80% 
homology at the amino acid level; a brain-specific isoform, Dynamin I, a ubiquitous 
isoform, Dynamin II and a testis-specific iso form, Dynamin III(Urrutia et al., 1997). 
Dynamins consist of a tripartite GTP binding site in the N-terminus, a pleckstrin 
homology (PH) domain and a C-terminal proline rich region (reviewed inUrrutia et al.,
1997). Several studies have demonstrated a role for dynamin I in GLUT4 endocytosis. 
For example, Omata and colleagues compared the effect of wildtype dynamin to 
negative mutants of dynamin on GLUT4 endocytosis in CHO cells (Omata et al., 1997).
20
The study showed an accumulation of GLUT4 at the cell surface under basal conditions 
in cells expressing the mutant dynamin. Similar results were produced in rat adipocytes 
(Al Hasani et a l , 1998), and in 3T3-L1 adipocytes (Kao et al., 1998). Furthermore 
insulin was only able to recruit GLUT4 from the intracellular pool to the plasma 
membrane in cells expressing the wild-type dynamin, and not in cells expressing the 
mutant.
Dynamin II is also thought to have an effect on GLUT4 endocytosis. Volchuk and 
colleagues have studied the effect of dynamin II on GLUT4 endocytosis. In 3T3-L1 
adipocytes insulin decreased the association of dynamin II with the plasma membrane 
by -50% but there was no effect on the dynamin II associated with the low density 
microsome fraction (Volchuk et al., 1998). In addition, these authors have also assessed 
the role of amphiphysin in GLUT4 trafficking. Amphiphysin is an SH3 domain 
containing protein, which binds to the proline-rich region of dynamin, and is thought to 
be important in recruiting dynamin to sites of endocytosis. Microinjection of a fusion 
protein containing the SH3 domain of amphiphysin into 3T3-L1 adipocytes inhibits TfR 
endocytosis and increased cell surface GLUT4. Furthermore, a peptide containing the 
proline-rich domain of dynamin (which binds to amphiphysin) inhibited GLUT4 re- 
intemalisation following insulin stimulation. These data suggest that both dynamin II 
and amphiphysin play a role in GLUT4 endocytosis in 3T3-L1 adipocytes.
Other GTPases from the Ras superfamily, (Rad and ADP-ribosylation factors) have also 
been shown to be involved in GLUT4 translocation. The expression of Rad is increased 
in some type II diabetics and it has been hypothesised that it acts as a negative 
modulator of GLUT4 activity. Moyers and colleagues overexpressed Rad in the insulin- 
responsive cell lines, L6 rat myotubes and C2C12 murine myotubes (Moyers et al., 
1996). This resulted in a 50-90% decrease in insulin-stimulated 2-dexoxy-D-glucose 
transport, with no detectable change in GLUT4 transloaction.
The ADP-ribosylation factors (ARFs) are 20-kDa nucleotide binding proteins which act 
as molecular switches for many trafficking pathways and are involved in the 
recruitment of coat proteins onto budding vesicles (reviewed in Roth, 1999). There are 
six ARF proteins identified in mammalian cells and two in S. cerevisiae. The 
mammalian ARFs fall into three classes based on sequence comparisons: class I 
contains ARFs -1,-2,-3; class II contains AFRs -4 and-5; class III contains AFR6.
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ARF1 was discovered to be a component and requirement for the formation of COPI 
vesicles isolated from Golgi membranes (Rothman and Wieland, 1996). It also has a 
role in the formation of clathrin-coated vesicles, containing the adaptor proteins AP-1 at 
the TGN and AP-3 on the endosomes (Stamnes and Rothman, 1993; Ooi et al., 1998). 
The function of the class II ARFs is unknown. AFR6 is found at the plasma membrane 
and is suggested to play a role in vesicle trafficking and in cytoskeletal organisation 
(Chavrier and Goud, 1999). The effect of insulin and AFR5 and ARF6 in GLUT4 
trafficking has been analysed using ARF peptides (Millar et al., 1999a). Insulin- 
stimulated glucose transport and GLUT4 translocation were inhibited by -50% with a 
myristoylated AFR6 peptide. In contrast, the AFR5 peptide had no effect on GLUT4 
translocation, but inhibited the appearance of TfR and GLUT1 at the cell surface. These 
authors suggest that ARF5 is involved in the regulation of endosomal traffic to the 
plasma membrane, while ARF6 controls the movement of GLUT4 in response to 
insulin, (Millar et al., 1999a).
1.4.4 The SNARE Complex in Vesicle-Membrane Fusion
Before fusion can occur the vesicle has to be transported to its specific target membrane 
and docked there (Pfeffer, 1999). Several priming events prepare the vesicle for its 
fusion (Kleinchin and Martin, 2000). The fusion trigger, such as calcium then allows the 
release of its contents (Colombo et a l, 1997; Peters and Mayer, 1988).
In the 1980s Rothman and colleagues identified a pair of soluble proteins that were 
required for fusion of Golgi vesicles with acceptor Golgi stackes (Weidman et al.,
1989). These two proteins were NSF (Af-ethyknaleimide sensitive fusion protein) and 
SNAP (soluble NSF attachment protein). These proteins are thought to mediate the 
majority of intracellular trafficking events (review Bennett and Scheller, 1993).
Several proteins have been discovered to act as receptors for NSF and SNAP. These 
proteins are named SNAREs (for SNAP receptors) (Sollner et al., 1993). The SNARE 
proteins were first categorised into either v-SNAREs or t-SNAREs, according to their 
vesicle or target membrane localisation. The first SNAREs to be discovered were 
syntaxinl (t-SNARE), VAMP1 (vesicle-associated membrane protein, also called 
synaptobrevin) and SNAP-25 (25 kDa synaptosome associated protein) (Bennett et al., 
1992; Oyler et al., 1989; Trimble et al., 1998). Syntaxin and VAMP are anchored to the
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membrane by a carboxyl terminal transmembrane domain. In contrast, SNAP-25 does 
not have a transmembrane domain. It presents two domains peripherally attached to the 
membrane by palmitoylation of four cysteine residues in the central region of the 
protein. The crystal structure of the neuronal SNARE complex has shown that one coil 
each of syntaxin and VAMP and two coils of SNAP-25 are involved to form a four- 
stranded coiled-coil structure, (Poirer et al., 1998). The SNAREs are now classified 
according to conserved arginine (R-SNAREs) or glutamine residues (Q-SNAREs) in the 
center of the SNARE complex structure (Fasshauer et al., 1998). This is in order to 
avoid ambiquity in the case of homotypic fusion (Fasshauer et al, 1998).
It was originally proposed that the SNAREs provided unique pairing and specificity of 
the vesicle for its target membrane and the ATPase activity of NSF drove the membrane 
fusion (Sollner et al., 1993). However, other factors that interact with SNAREs have 
been characterised and are thought to act at the vesicle targeting and tethering stages 
(Pfeffer, 1999). In addition recent liposome fusion experiments showed some 
promiscuity between pairing of R-SNAREs and Q-SNAREs (McNew et al., 2000). 
Small GTPases of the Rab family have been proposed to act at the vesicle targeting and 
tethering stage (reviewed by Zerial and McBride, 2001). Rab3A predominantly 
localises to synaptic vesicles and plays an important role in the regulation of 
neurotransmitter release (Fischer von Mollard et al., 1990). In addition to Rab proteins, 
the synaptogamin family (Brose et al., 1992) and nSecl (neuronal homolog of the yeast 
Seel protein, also known as Muncl8) family have been shown to interact with SNARE 
proteins (Pevsner et al., 1994). Complexin (McMahon et al., 1995) VAP33 (Skehel et 
al., 1995) and synaptophysin (Wiedenmann and Franke, 1985) are also factors which 
interact with SNAREs. The precise nature of these interactions is yet to be determined.
The current hypothesis in vesicle docking and fusion is the ‘zipper model’ reviewed by 
Chen and Scheller (Chen and Scheller, 2001). It is thought that initially, syntaxin is 
bound to nSecl and VAMP is bound to synaptophysin before the SNARE complex 
forms. Rab proteins have been hypothesised to dissociate nSecl from syntaxin to allow 
coiling with VAMP and SNAP-25 (the four stranded coil-coiled SNARE complex). At 
this priming stage, calcium triggers the full ‘zipping’ of the coiled-coil complex 
(Scheggenburger and Neher, 2000). It is possible that a calcium binding protein such as 
synaptotagmin is involved at this stage. Once the vesicle contents are released, alpha 
SNAP and NSF are recruited to the SNARE complex. The hydrolysis of ATP by NSF
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causes the SNARE complex to dissociate. This allows synaptobrevin, syntaxin and 
SNAP-25 to be free for another round of exocytosis (Baneijee et al., 1996).
1.4.5 GLUT4 and SNARE Proteins
Proteins associated with GLUT4 and those involved in fusion have been identified. 
There are two forms of VAMPs, (VAMP2 and VAMP3) which are localised in insulin- 
stimulated tissues. The two VAMP members, VAMP2 and VAMP3 (cellubrevin) were 
shown in association with immunopurified GLUT4 vesicles from the LDM fraction of 
rat adipose cells. Both VAMPs translocated from the LDM to the plasma membrane 
with GLUT4 following stimulation by insulin (Cain et al., 1992; Timmers et al., 1996). 
VAMP2 is present on GLUT4 vesicles, which are insulin-stimulated, whilst cellubrevin 
is located on GLUT4 vesicles within the endosomal system (Malide et al., 1997a; 
Martin et al., 1996a; Martin eta l, 1998).
A protein related to the neuroendocrine specific synaptophysin has been identified in 
immunopurified GLUT4 (Brooks et al, 2000). This protein, called pantophysin binds to 
VAMP2. Although its functional role is unclear, pantophysin may provide another 
marker for the analysis of GLUT4 vesicles in adipocytes.
Syntaxin 4 is predominantly found in insulin-regulated tissues. It is highly expressed in 
fat and muscle cells and is mainly targeted to the plasma membrane (Timmers et al.,
1996). It plays an important role in GLUT4 exocytosis. In permeabilised insulin-treated 
3T3-L1 adipocytes, antibodies directed against syntaxin 4 or recombinant fusion 
proteins encoding the cytoplasmic tail of syntaxin 4 have been shown to block GLUT4 
translocation (Volchuk et al, 1996). SNAP-23 (syndet) is also present in the plasma 
membrane of these tissues (Rea et al, 1998). It has been proposed that the two helical 
domains from SNAP23 associate with syntaxin 4 and VAMP2 to form a four-helix 
bundle structure. This structure is similar to that of the brain SNAREs (Sutton et al,
1998).
Other proteins, which have been implicated in regulation of SNARE interactions on 
GLUT4 vesicles, are Munc-18c, synip and small molecular weight GTPases called 
Rabs. Munc 18c is a homologue of neuronal Muncl8a, Munc 18b and the yeast protein 
nSecl (Tellam et al, 1995; Novick et al, 1981). Munc 18c interacts with syntaxin 4 at
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the plasma membrane. Using peptide constructs from Munc 18c, fusion between 
GLUT4 vesicles and the plasma membrane has been blocked (Tellam et al., 1997). 
Synip also binds to syntaxin 4. This binding is restricted to basal cells and is reduced in 
insulin-stimulated cells (Min et al., 1999). These observations suggest that insulin 
signalling might release synip from syntaxin 4, which in turn may lead to the increase in 
interaction with other proteins in the fusion process.
Small GTPases, called Rabs, interact with the docking step of v- and t-SNAREs and 
may catalyse the interactions of these, (Mayer and Whickner, 1997). In GLUT4 
enriched vesicles, Rab4 and Rab 11 have been isolated (Cormont et al., 1996a; Kessler 
et al., 2000). To study the role of Rab4 in rat adipocytes a transient co-expression of 
Rab4 with an epitope-tagged GLUT4 was used (Cormont et al., 1996a). An enhanced 
retention of GLUT4 in the basal state was observed and the insulin-dependent release of 
GLUT4 was inhibited. The authors suggested that Rab4 might act in the storage and 
targeting of GLUT4. This notion is supported by work of Mora and colleagues (Moraef 
al., 1997). The heterologous co-expression of Rab4 and GLUT4 in Xenopus oocytes 
lead to an increase in intracellular retention of GLUT4. A synthetic peptide 
corresponding to the C-terminal hypervariable domain of Rab4, inhibited insulin- 
stimulated glucose transport in rat adipocytes by about 50% without affecting the basal 
transport activity, (Shibata et al., 1996). Insulin treatment resulted in the recruitment of 
Rab 11 from the microsomal fraction to the plasma membrane. This is similar to that 
reported for GLUT4. At present, it is unclear how Rabl 1 or Rab4 affects targeting and 
translocation of GLUT4.
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1.5 GLUT4 Storage and Trafficking
The observations from recycling kinetics of GLUT4 (Section 1.3.2) point towards a 
mechanism in which GLUT4 is sequestered and stored into intracellular compartments 
in the absence of insulin. It is suggested that in the presence of insulin, GLUT4 vesicles 
are allowed to mobilise from the specialised GLUT4 compartments. These vesicles 
subsequently recycle between intracellular compartments and the plasma membrane 
entering the bulk of endocytic traffic. Most studies have suggested that the intracellular 
compartments populated by GLUT4 include the early/sorting endosome, the recycling 
endosome and a specialised vesicular compartment, (Hashiramoto et al., 2000; Kandror 
and Pilch, 1998). It is known that GLUT4 does not reside within late 
endosomes/lysosomes. This was revealed by the lack of co-localisation between 
GLUT4 and Lysotracker-Red marker for acidic regions in 3T3-L1 and CHO cells, 
(Powell et al., 1999). It is not known how GLUT4 is sequestered in a specialised 
compartment, or how many GLUT4 vesicles reside within other compartments, such as 
the endosome recycling compartment.
1.5.1 The Endosomal Recycling Compartment
In mammalian cells, many internalised membrane proteins and lipids take an endosome- 
to-surface traffic pathway constitutively. Following endocytosis, plasma membrane 
proteins are endocytosed to the early endosome, which is characterised by the early 
endosomal autoantigen 1 (EEA1) and an early-endosome specific small G-protein, 
Rab5 (Christoforidis et al, 1999; McBride et al, 1999; Mills et al., 1998; Mu et al.,
1995). The endosomes act as central sorting stations controlling the traffic of ligands, 
receptors and fluid, due in part to the fact that they maintain a slightly acidic internal pH 
(Mellman et al., 1986). It is the low pH in the early endosomes, where receptorligand 
complexes are rapidly dissociated. The vacated recepetors then accumulate in the 
endosomes’ tubular extensions otherwise known as the endosomal recycling pathway. 
Here the receptors may bud from the tubules and initiate recycling back to the plasma 
membrane, or in some cases to the TGN. Proteins destined for degradation are targeted 
to the late endosome or lysosomes from the early endosome, (Mellman, 1996).
The endosomal recycling compartment is concentrated in the pericentriolar region of 
the cell (Apodaca et al., 1994; Tooze and Huttner, 1990). Although the recycling
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compartment is in the same general region of the cell as the TGN and the Golgi 
complex, the recycling complex is distinct from these organelles, (McGrawet al., 1993; 
Yamashiro et al., 1984). Transfer from the recycling compartment to the plasma 
membrane is the rate-limiting step in recycling of lipids and receptors back to the cell 
surface, occurring with a half-time o f-12 min (Mayoret al., 1993; Presley et al, 1993).
The TfR is a well-characterised endosomal protein. The TfR binds to iron-loaded 
transferrin at the plasma membrane and is then internalised by clathrin-coats to the early 
(sorting) endosome compartment, where the low pH induces dissociation of iron from 
transferrin. The TfR (usually with transferrin still bound) recycles back to the cell 
surface directly from the early endosome. In addition, a proportion of the TfR traffics 
back to the cell surface through the endosomal recycling compartment (Hopkins et al., 
1994; Ullrich et al., 1996). The TfR exits the early endosome rapidly (-4 min) but 
leaves the recycling compartment more slowly (-12 min), so at a steady state the 
majority of the TfR is concentrated in the endosomal recycling compartment (Mellman 
etal., 1996).
Despite the relative simplicity of the TfR recycling system, evidence points to a greater 
complexity within the endosomal systems themselves. As mentioned in Section 1.3.4, 
further subdivision within the endosomal recycling system have been implicated with 
small GTPases Rab4, Rab5 and Rabll, (Mohrmann and van der Sluijs, 1999). The 
endosomal system has evolved to include different types of sorting endosomes (Schmidt 
et al., 1997; Wilson et al., 1997) and the presence of separate recycling systems (Ghosh 
and Maxfield, 1995; Gruenberg and Maxfield, 1995; Hopkins et al., 1994; Ullrich et al.,
1996). It is possible that GLUT4 vesicles could be retained within the recycling 
endosomal compartment in the absence of insulin, although the translocation of TfR and 
GLUT1 to the plasma membrane with insulin-stimulation is far less than that observed 
for GLUT4 (reviewed in Kandror and Pilch, 1996).
1.5.2 The GLUT4 Storage Compartment
A reservoir compartment containing GLUT4 vesicles (termed GLUT4 storage vesicles, 
GSVs) is evident from several different studies. Double4abel immunofluorescence 
microscopy in 3T3-L1 adipocytes has revealed differential intracellular targeting of 
GLUT1 and GLUT4 (Piper et al., 1991). Using velocity sedimentation analysis on
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neuroendocrine PC 12 cells expressing GLUT4, a population of small GSVs were shown 
to segregate from endosomes (Herman et al., 1994). A specific method which enables 
the endosomal system to be ablated has been used to identify a GLUT4 vesicle pool 
(Livingstone et al, 1996). The assay relies on the TfR to deliver the transferrin (Tf) 
(conjugated to horseradish peroxidase (HRP)) into the recycling endosomal system. The 
cells are then exposed to diaminobenzidine (DAB) and hydrogen peroxide to generate a 
cross-linking species within the lumen of the endosomal compartments that have taken 
up the Tf-HRP, resulting in their ablation. The method selectively ablates the markers 
of the endosomal system (TfR, Rab5 and cellubrevin) leaving 60% of total GLUT4 
unablated (Martin et al., 1996a). Vesicle immunoadsorption studies reveal 
subpopulations of vesicles in adipocytes. Some of these vesicles are enriched with 
GLUT4 and not endosomal markers, whilst others are enriched in both GLUT4 and 
endosomal markers (Livingstone et al., 1996; Robinson et al., 1992; Zorzano et al,
1989).
Additional observations which support the notion that the GSV is a separate entity from 
the endosomal system have been presented from studies of differentiated 3T3-L1 
adipose cells (El Jack et al., 1999; Ross et al., 1998; Yang et al., 1992a). ELJack and 
colleagues have postulated that a distinct insulin-sensitive cargo compartment forms 
early during fat cell differentiation in 3T3-L1 adipocytes, (El Jack et al., 1999). At the 
point of differentiation, the 3T3-L1 cells analysed on sucrose gradients showed a 
submaximal expression of IRAP. This coincided with a narrowing of intracellular 
GLUT1 and TfR distributions in sucrose gradients and an increased expression of IRAP 
and GLUT4. A recent study (using iodixanol density gradient sedimentation on 3T3-L1 
adipose cells), has shown that a GLUT4 compartment can be isolated that is distinct 
from both endosomes and TGN and that is highly insulin responsive (Hashiramoto and 
James, 2000). This is discussed further in Chapter 5.
GLUT4 has also been localised by electron microscopy (EM) in white and brown 
adipocytes and in cardiac and skeletal muscle (Slot et al., 1991a,b; Smith et a l, 1991; 
Ralston and Ploug, 1996; Slot et al, 1997; Ploug et al., 1998; Malide et al, 2000). In all 
cases, under basal conditions, the majority of GLUT4 resides in tubulo-vesicular (TV) 
elements. These studies point to the presence of a GSV in adipocytes that is distinct 
from endosomes and the TGN. Immunoelectron microscopic studies found GLUT4 to 
be clustered TV elements adjacent to sorting endosomes (Slot et al., 1991a). 80% of the
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labelled cells were found to be associated with TV elements with the remainder being 
elsewhere in the cell. The study showed that 1.1% of GLUT4 in basal brown adipose 
tissue was present on clathrin-coated vesicles, in agreement with the amount of GLUT4 
labelling on the entire plasma membrane in basal insulin-sensitive cells, (Robinson et 
al., 1992). In the basal brown adipose tissue, approximately 3.8% of the GLUT4 was 
found to be associated with early endosomal vacuoles. Following insulin-stimulation, 
the amount of GLUT4 labelled in the TV elements decreased by 50% with a 
corresponding increase of 35% in the labelling of the plasma membrane and of both 
early endosomes and clathrin-coated pits and vesicles.
Three-dimensional electron microscopy has presented further morphological evidence 
for GLUT4 residing in a separate population of vesicles distinct from that of the TGN 
or endosome (Ramm et al., 2000). A comparison of the distribution of GLUT4 with 
CD-M6PR, showed a population of GSVs that contained both proteins and a separate 
population that contained GLUT4 only. The existence of GSVs, which represent 
distinct functional pools is supported by the observation that insulin has a much more 
potent effect on the GLUT4-positive/CD-M6PR-negative population.
The amount of GLUT4 associated with the TGN in 3T3-L1 cells was examined with the 
marker protein, 6-COP (Bogan and Lodish, 1999). Bogan showed no overlap of 
immunostaining with GLUT4 and 6-COP. GLUT4 immunostaining was mostly separate 
from that of y-adaptin, another TGN marker. Overall, the data showed that the 
perinuclear GLUT4 compartment did not correspond to the TGN. The data presented by 
Bogan and colleagues is similar to data from microscopy studies in insulinoma cells, 
transfected with GLUT4. GLUT4 in these transfected cells did not significantly overlap 
with the TGN marker protein, TGN38 (Thorens and Roth 1996). Other reports have 
described minimal overlap of GLUT4 and TGN38 in rat adipose cells, and of GLUT4 
and giantin in cultured myotubes (Ralston and Ploug, 1996 and Malide et al., 1997a). 
Biochemical studies of 3T3-L1 adipocytes found that only 5-10% of low density 
microsomal GLUT4 was copurified by immunoadsorption of vesicles using an 
antiserum to TGN38; the copurified GLUT4 did not correspond to the insulin-regulated 
GLUT4 compartment within the low density microsomal fraction (Martinet a/., 1994).
On Nycodenz gradients, GLUT4 was shown to sediment in the same fractions as AP-1 
adaptor complex (Gillingham et al., 1999). This is of particular interest, as this complex
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is TGN localised, (for review see Hirst and Robinson 1998).The AP-1 adaptor complex 
is associated with clathrin-coated vesicles budding from the TGN, while the AP-2 
adaptor complex is associated with clathrin-coated vesicles budding from the plasma 
membrane. AP-3 is recruited onto membranes of the TGN and a more peripheral 
compartment but does not appear to be associated with clathrin. Gillingham and 
colleagues found high levels of AP-1, some AP-3 but very little AP-2 adaptor 
complexes associated with isolated GLUT4 vesicles. The AP-1 complex with GLUT4 
vesicles increased by approximately 4-fold by the addition of GTP-y-S and an ATP 
regenerating system. The Nycodenz gradients separated the bulk of GLUT4 from TfR 
suggesting a specialised compartment distinct from recycling endosomes. The authors 
conclude that much of the GLUT4 may have budded from the TGN to form vesicles 
that are fusion competent, and may provide a TGN-derived pre-secretory compartment 
(see Figure 1.3; Section 1.5.2)
1.5.3 Intracellular Movement of GLUT4 Vesicles
We know that there are two main pathways for the movement of GSVs: intemalisatbn 
from the plasma membrane and the insulin-responsive translocation to the cell surface. 
It is unclear if GLUT4 traffics to and from the TGN/endosomal system and if so, to 
what extent. Recent studies of GLUT4 trafficking with transfected CHO cells (Wei et 
al., 1998), compartment ablation in 3T3-L1 fat cells (Martin et al., 1996a) and confocal 
microscopy in rat adipocytes (Malide et al., 1997a) suggest that GLUT4 segregates to a 
substantial degree from TfRs. Immunofluorescence microscopy has revealed some 
overlap between GLUT4 and endosomal/TGN markers as well as discrete labelling of 
an additional compartment (Malide et al., 1997a). Thus, the trafficking of GLUT4 and 
TfRs may be quite different and involve different post-endosomal compartments. The 
precise biochemical and morphological relationship between these compartments 
remains uncertain. The current model from this laboratory (see Holman and Sandoval, 
2001) is that there are two or more separate GLUT4 compartments in adipocytes, one of 
which is endosomal in origin and the other non-endosomal, (GSV) (Figure 1.3, page 








I R  Insulin Receptor
Figure 1.3: Proposed M odel o f GLUT4 Movement Between Different Intracellular Compartments. In the basal state, GLUT4
recycles with endosome receptors (1) from the endosome system (2) GLUT4 is sorted from transferrin receptors into a specialised 
GLUT4 storage compartment (GSV) (3). The GSV is similar in shape to that o f  the TGN and it is thought that some GLUT4 
vesicles bud from the TGN (4). Upon insulin stimulation on the insulin receptor (5), GLUT4 is recruited to the plasma membrane to 
increase glucose transport into the cell (6). It is thought that mutated GLUT4 is re-directed elsewhere other than the plasma 
membrane in response to insulin (7).
Studies to support the notion that insulin may stimulate exit of GLUT4 from multiple 
intracellular pools have been recently published (Bogan and Lodish, 1999; Foran et al., 
1999; Hashiramoto et al., 2000; Kandror, 1999; Kupriyanova and Kandror, 2000; 
Martin et al., 2000; Millar et al., 1999b; Millar et al, 2000; Weief al., 1998). To test 
the hypothesis that there are two separate regulatable exit pathways for GLUT4 in 
adipocytes, Millar and colleagues studied the role of different v-SNARE proteins 
(Millar et al., 1999b). It is thought that insulin and GTP^S both stimulate glucose 
transport and translocation of GLUT4 but for different compartments. A peptide 
encompassing the cytosolic tail of the v-SNARE cellubrevin inhibited GTPyS- 
stimulated GLUT4 translocation by -40% but had no effect on the insulin response in 
3T3-L1 adipocytes. Conversely, a fusion protein encompassing the cytosolic tail of 
VAMP2 had no significant effect on GTPyS-stimulated GLUT4 translocation but 
inhibited the insulin response by -40%. Ablation of the recycling endosomal system 
caused almost quantitative inhibition of GTPyS-stimulated GLUT4 translocation but 
only partially reduced insulin-stimulated translocation. These data suggest that GTP^S 
selectively stimulated recycling of GLUT4 via the endosomal system in a process that is 
regulated by cellubrevin. In addition to regulating this pathway, insulin also stimulates 
the exocytosis of GLUT4 from a separate compartment (GSVs), which is distinguished 
by the unique role of VAMP2. Millar and colleagues also examined the localisation of 
Rab proteins in permeabilised 3T3-L1 adipocytes following stimulation with GTPyS. 
There was a marked accumulation of Rab4 and Rab5 at the cell surface, whereas other 
Rab proteins (Rab7 and Rabl 1) were unaffected.
Wei and colleagues (Wei et al., 1998) compared GLUT4 trafficking with TfR 
trafficking in an attempt to resolve different GLUT4 pathways. It was observed that at 
37 °C, cell surface-labeled GLUT4 (as well as TfR) was internalised into peripheral and 
perinuclear structures. At 15 °C, endocytosis of GLUT4 continued to occur at a slowed 
rate. GLUT4 tagged with a fluorescent label was seen to have accumulated within large 
peripheral endosomes. No perinuclear structures were labelled. A shift of temperature 
from 15°C to 37 °C resulted in the reappearance of GLUT4 in perinuclear structures and 
GSV reformation. In contrast, at 15 °C, TfR continued to traffic to perinuclear 
structures and the labelling of TfR was similar in distribution to that observed at 37°C. 
GLUT4 was suggested to be sorted differently from the TfR. The authors conclude that 
the sorting of GLUT4 from TfR may occur primarily at the level of the plasma 
membrane to form distinct endosomes.
From studies in which cell surface receptors were tagged with biotinylated cell 
impermeable reagents, Kandror concluded that adipose cells possess at least two distinct 
cell-surface recycling pathways for M6PR and TfR (Kandror, 1999). Under basal 
conditions, the first pathway was not considered to be active, and all cell surface 
recycling of both M6PR and TfR proceeded via a second pathway. The first pathway 
was thought to be mediated by GLUT4 vesicles, and the second bypassed this 
compartment. Incubation of basal adipocytes (up to 30 min) did not lead to biotinylation 
of any significant fraction of M6PR, TfR, or IRAP in GLUT4 vesicles. Stimulation of 
adipocytes with insulin changed the pattern of trafficking of these proteins. The amount 
of intracellular biotinylated GLUT4 and IRAP decreased with time, with an increase at 
the cell surface. Insulin-stimulation did not decrease intracellular biotinylated M6PR or 
TfR protein levels, nor did it substantially increase the concentration of these proteins at 
the plasma membrane. The authors suggest that two pathways are present: one where 
M6PR and TfR rapidly recycle between the intracellular compartments and the other 
that allows retention of IRAP and GLUT4 at the cell surface.
A comparison of the trafficking of the secreted serine protease adipsin and the integral 
membrane proteins GLUT4 and TfRs in 3T3-L1 adipocytes has provided evidence for 
more than one GLUT4 exit pathway (Millar et al., 2000). Adipsin was secreted from the 
trans Golgi network to the endosomal system, and ablation of endosomes using Tf-HRP 
conjugates, strongly inhibited adipsin secretion. Phospholipase D has been implicated in 
export from the trans Golgi network, and insulin stimulates phospholipase D activity in 
these cells. Inhibition of phospholipase D action with butan-l-ol blocked adipsin 
secretion and resulted in accumulation of adipsin in trans Golgi network-derived 
vesicles. In contrast, butan-l-ol did not affect the insulin-stimulated movement of TfRs 
to the plasma membrane, although TfRs were ablated with Tf-HRP conjugates. Insulin- 
stimulated GLUT4 translocation was still observed after endosome ablation or 
inhibition of phospholipase D activity. Immunolabelling revealed that adipsin and 
GLUT4 were predominantly localised to distinct intracellular compartments.
A major constituent of synaptic vesicles, synaptogyrin is involved in regulation of 
exocytosis in PC 12 cells, (Stenius et al., 1995). A homologue of this protein, cellugyrin 
(Sugita et al., 1999) is present in 50-60% of GSVs in rat adipocytes (Kupriyanova and 
Kandror, 2000). However, unlike GLUT4, cellugyrin is not re-distributed to the plasma 
membrane in response to insulin-stimulation. Kupriyanova and Kandror have been able 
to demonstrate that intracellular GLUT4 vesicles in rat adipocytes were a mixture of at
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least two populations: cellugyrin-negative vesicles which were recruited to the cell 
surface with insulin and cellugyrin-positive vesicles which were not translocated by 
insulin.
The studies presented above provide evidence that GLUT4 resides in more than cne 
population of vesicles, some of which are insulin-responsive. Kinetic data also supports 
the notion that there are multiple GSVs some of which are localised with the endosome 
(Holman et al., 1994; Yeh et al., 1995).
1.5.4 The Role of Actin in GLUT4 Movement
Actin was first identified as part of the protein complex acto-myosin responsible for 
producing the contractile force in skeletal muscle (Straub, 1942). It is one of the most 
abundant proteins in human tissues and is widely expressed in nearly all types of 
eukaryotic cells. This protein serves many cellular functions including transmitting 
internal stresses, providing mechanical strength to the cell cortex, regulation of 
enzymatic activities, and spatial organization of the cytoplasm and signal transduction 
pathways (reviewed in Elson, 1988; Evans, 1993; Janmey, 1998). Actin has been 
suggested to play a role in regulating vesicle trafficking and is thought to form scaffolds 
for transport vesicles to move along during vesicle sorting processes (Carlier, 1998; 
Rozelle et al., 2000).
Many groups have studied the effect of insulin on actin and GLUT4 trafficking. 
Treatment of cells with the actin depolymerising agent, cytochalasin D, or the actin 
monomer binding latrunculins A or B resulted in a marked inhibition of insulin-induced 
GLUT4 translocation without effecting basal transport (Omata et al., 2000; Tsakiridis et 
al., 1994; Wang et al., 1998). These studies show that actin is necessary for GLUT4 
translocation. In addition, membrane ruffling was observed with insulin induced 
GLUT4 translocation (Tsakiridis et al., 1994). The role of the membrane ruffling is 
unknown, but was shown to be inhibited by cytochalasin D. Oatey and colleagues were 
able to visualise the involvement of an intracellular scaffold in the maintenance of the 
internal population of GLUT4 using a green fluorescent protein chimera of GLUT4 
(GFP-GLUT4) (Oatey et al., 1997). The majority of the GFP-GLUT4 vesicles in the 
3T3-L1 adipocytes were shown to be static as if tethered to an intracellular structure. 
The authors suggest that the role of insulin is to release the ‘anchor’ on the GFP-
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GLUT4 vesicles allowing them to translocate to the plasma membrane. Together these 
data provide evidence for the role of actin filaments in glucose transport.
Investigations have shown that insulin stimulation results in cortical actin remodelling, 
followed by an increase in polymerised actin in the peri-nuclear region of L6 myotubes 
expressing GLUT4 (Khayat et al., 2000; Tong et al., 2001). Tong and colleagues 
studied the involvement of actin filaments in GLUT4 translocation and their possible 
defects in insulin resistance (Tong et al., 2001). They used L6 myotubes expressing 
myc-tagged GLUT4. GLUT4myc was visualised by fluorescence microscopy and 
immunogold staining. There was a high density of GLUT4myc in membrane ruffles. 
Below the membrane, GLUT4 colocalised with the actin structures supporting the 
membrane ruffles. The presence of GLUT4myc in these areas was greatly reduced by 
jasplakinolide and by swinholide-A (drugs that affect actin filament stability and 
prevent actin branching, respectively). The effect of insulin resistance (Section 1.2.2) on 
actin remodelling was examined. Insulin resistance was generated by prolonged (24 
hours) exposure of myotubes to high glucose and insulin. This diminished the acute 
insulin-dependent remodeling of cortical actin and GLUT4myc translocation, similar to 
the effect of swinholide-A. The authors propose that GLUT4 vesicle incorporation into 
the plasma membrane involves insulin-dependent cortical actin remodeling and that 
defective actin remodeling contributes to insulin resistance.
The exact role of insulin-induced actin remodelling and its subsequent effect on GLUT4 
translocation is unknown. It has been hypothesised that insulin acts to facilitate the 
association of PI 3-Kinase (p85) with GLUT4 vesicles and, potentially, the arrival of 
GLUT4 at the cell surface (Khayat et al., 2000). Microinjection of a constitutively 
active mutant of PI 3-kinase pi 10 causes the translocation of GLUT4 to the plasma 
membrane in 3T3-L1 adipocytes and induces the formation of actin filament ruffles 
(Martin et al., 1996b). This effect is inhibited by wortmannin and by the use of a PI 3- 
kinase mutant with a point mutation in the kinase domain (Martin et al., 1996b). 
Several studies have shown that PI 3-kinase is a key participant in the control of 
membrane ruffling, (Kotani et al., 1994; Wennstrom et al., 1994a,b). Inhibition of PI 3- 
kinase activity by wortmanin abolishes insulin-induced actin reorganisation (Kotani et 
al., 1994; Tsakiridis et al., 1995; Wennstrom et al., 1994a,b) and membrane ruffling 
(Kotani et al., 1995). These data suggests that the localisation of PI 3-kinase activity is 
important for insulin-stimulated GLUT4 translocation via the actin cytoskeleton.
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Further molecules have been implicated in the insulin-induced translocation of GLUT4 
and/or actin rearrangement. These include the small GTPase Rab4 (Vollenweider et al,
1997), and the general receptor for phosphoinositides 1 (GRP1) (Clodi et al, 1998). 
Cormont and colleagues first demonstrated that Rab4 is associated with htracellular 
GLUT4-containing membranes and upon insulin stimulation Rab4 is activated and 
released into the cytosol (Cormont et al, 1993). It is now thought that activation and 
dissociation of Rab4 from the GLUT4 vesicles are controlled by PI 3-kinase activity 
(Cormont et al, 1996a,b; Shibata et al, 1997). The exact events facilitating GLUT4 
movement remains elusive, however studies utilising subcellular fractionation of 3T3- 
L1 adipocytes suggested that at least a fraction of IRS-1-PI 3 kinase complexes may be 
preformed and remain associated with the cytoskeleton-rich fractions after 
internalisation in 3T3-L1 adipocytes (Clarke/ al, 1998). This has been interpreted by 
others to suggest that the association of these complexes with the cytoskeleton, rather 
than interaction with GLUT4 vesicles, is the event that determines their intracellular 
distribution (Clark et al, 1998; Shepherd et al, 1998).
1.6 GLUT4 Sorting Signals
1.6.1 Amino- and Carboxyl- Targeting Motifs
Targeting of many transmembrane proteins to intracellular compartments is dependent 
on cytoplasmic sorting signals. The most widely used signals are tyrosine or leucine- 
based motifs. In an attempt to define the relevant targeting domains that direct the 
intracellular sequestration of GLUT4, many groups have examined motifs within the 
amino- and carboxyl-terminal domains of GLUT4. Two motifs within these domains 
have been identified: the F5QQI8 found within the amino-terminal domain (Piper et al, 
1992; Piper et al, 1993) and a dileucine motif L489L490 within the carboxyl domain 
(Corvera et al, 1994; Verhey et al, 1993; Verhey et al, 1994). The FQQI motif 
resembles a tyrosine based internalization motifs which have been identified in proteins 
which undergo endocytosis, such as the M6PR(Johnson et a l, 1992).
It has been established that the FQQI domain is important in the sorting process that 
separates GLUT4 away from the endosome system (Melvin et al, 1999; Palacios et al, 
2001). The LL domain appears to be involved in the sorting between the TGN and GSV 
(Marsh et al, 1998). Melvin and colleagues studied Tf-HRP ablation of GLUT4
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compartments following the introduction of Phe-5 (FAG) and L489L490, (LAG) 
mutations of GLUT4 (Melvin et al, 1999). The FAG mutant was localised to the 
recycling endosomal system, and was ablated more than LAG. The majority of the LAG 
was localised within the non-ablated intracellular compartment. The FAG data indicate 
that the amino-terminal of GLUT4 is important in endosomal recycling. The LAG 
mutants indicate that the dileucine motif may be involved in the movement of GLUT4 
from the TGN to the recycling endosomal compartment. Comparisons have been made 
of the cellular distributions of antibody/biotin tagged-GLUT4 and a Ser5 GLUT4 
mutant. The latter has a FQQI motif where its Ser5 has been substituted for Phe. This 
mutation (Phe5GlnGlnIle8) inhibited the recycling of endocytosed GLUT4 to the GSV 
and resulted in its transport to late endosomes/lysosomes where rapid degradation 
occurred (Palacios et al, 2001).
Dileucine and FQQI motifs have been shown to regulate the trafficking of several 
recycling proteins and there have been many studies that have examined the role of 
residues adjacent to these motifs. Garippa and colleagues found that serine-488 adjacent 
to the dileucine motif in GLUT4 (SLL) played a modulatory role in regulated GLUT4 
exocytosis (Garippa et al, 1996). This was identified using a chimera of GLUT4 with 
TfR and studied in non-insulin responsive CHO cells. In the chimera the carboxyl- 
terminal 30 amino acids of GLUT4 were substituted for the amino-terminal cytoplasmic 
domain of the TfR. The chimera had a more prominent intracellular distribution 
compared to the TfR. The chimera was internalised 50% more rapidly and recycled 
20% more slowly than the TfR.
The amino acid serine-488 adjacent to the dileucine motif in the carboxyl domain of 
GLUT4 may be significant. It has been shown that the phosphorylation state of serine 
residues adjacent to dileucine motifs in the cytoplasmic tails of CD-M6PRs regulates 
the entry of M6PR into clathrin-coated vesicles. These coated vesicles then exit the 
Golgi apparatus at the TGN (Le Borgne et al, 1997; Mauxion et al, 1996). Changes in 
the phosphorylation state of serine residues juxtaposed to dileucine motifs and upstream 
to these motifs have been proposed to modulate their sorting (Johnson et al, 1990; 
Johnson et al, 1992). Hence, phosphorylation and/or dephosphorylation of GLUT4 may 
be involved in GLUT4 intracellular sequestration. GLUT4 is phosphorylated in the 
basal state. Phosphorylation also occurs when cells are stimulated by isoproterenol 
(James, et al, 1989b). Other agents such as okadaic acid have been shown to stimulate
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GLUT4 phosphorylation (Lawrence, Jr. et al., 1990). Interestingly, Marsh and 
colleagues have postulated that the serine-488 may be involved in GLUT4 sorting at the 
TGN (Marsh et al., 1998). They used a chimera in which serine-488 was mutated to an 
alanine (SAG). The distribution of SAG in 3T3-L1 adipocytes was similar to GLUT4 in 
that it was largely excluded from the cell surface and was enriched in small intracellular 
vesicles. SAG also exhibited insulin-dependent movement to the plasma membrane (4- 
to 5-fold) comparable to GLUT4 (4- to 5-fold). Okadaic acid was also used in these 
studies, which also stimulated GLUT4 movement to the cell-surface. This resulted in 
the stimulation of both GLUT4 translocation and its phosphorylation at Ser-488. Using 
immunoelectron microscopy, GLUT4 was found to be localised to intracellular vesicles 
containing the Golgi-derived -y-adaptin subunit of AP-1. This localization was 
enhanced when Ser-488 was mutated to alanine. These authors concluded that the 
carboxyl-terminal phosphorylation site in GLUT4 (Ser-488) might play a role in 
intracellular sorting at the trans-Golgi network.
The role of adjacent amino acids immediately distal to the dileucine motif (Glu-491, 
Gln-492 and Glu-493) has been examined by sequential replacement with alanine (Cope 
et al., 2000). Substitution of Glu-491 or Glu-493 resulted in increased levels of these 
proteins at the cell surface, reduced insulin-stimulated translocation and increased 
susceptibility to endosomal ablation. In addition to these amino acids, a functional 
analysis of the extreme carboxyl-terminus of GLUT4 in 3T3-L1 adipocytes has 
provided evidence that the residues TELEYLGP provide targeting signals (Shewan et 
al., 2000). Mutations within this motif resulted in constitutive accumulation of GLUT4 
at the PM. These disrupted mutants were shown to be associated with endosomes. 
Shewan et al, suggest that this targeting motif may be responsible for sorting GLUT4 
out or recycling endosomes into a post-endocytic GLUT4 pool which is highly insulin 
responsive. These studies show that acidic residues near the LL motif are important in 
GLUT4 targeting. Interestingly, removal of the carboxyl-terminal acidic 
Pro(505)AspGluAsnAsp(509) sequence prevented the storage of GLUT4 in the 
VAMP2 positive compartment adjacent to the Golgi complex (GSV), and resulted in its 
targeting to GLUT4 and Rab7 to late endosomes (Martinez-Arca et al, 2000). Acidic 
clusters are present in many targeted proteins. Acidic residues upstream of the FQQI in 
the amino-terminus of GLUT4 resemble those found in the targeting domain of GAD65 
(membrane-associated form of glutamic acid decarboxylase) (Dirkx et al., 1995). Basic
38
residues upstream of the dileucine motif in the carboxyl-domain of GLUT4 also play a 
role in trafficking (Sandoval et al, 2000).
1.6.2 GLUT4 Sorting Motifs and Vesicle Formation
In addition to vesicle movement, targeting motifs also act as sorting signals for vesicle 
formation (Section 1.4.1). Clathrin adaptor protein complexes appear to bind directly to 
cytoplasmic tails containing tyrosine and dileucine based motifs (Pearse, 1988 and 
Section 1.4.2). According to the evidence from electron microscopy, at any particular 
moment approximately 1% of GLUT4 at the plasma membrane is associated with 
clathrin coated pits (Slot et al., 1991a). Dynamin is also associated with GLUT4 
vesicles (Section 1.4.3). If GLUT4 vesicles are clathrin coated and involved with 
dynamin, then it is logical that GLUT4 vesicles must be associated with certain adaptor 
proteins through their sorting motifs.
In 1998 a study of peptides, derived from a number of different proteins, was used to 
analyse the interaction of adaptor proteins with di-leucine motifs (Rapoport et al.,
1998). Using an approach in which samples were first frozen before cross-linking by 
photo-irradiation, Rapoport and colleagues have revealed a specific interaction of di­
leucine containing peptides (including a C-terminal peptide of GLUT4) with AP-1. The 
site of binding was found to be on the pi subunit, similar to that observed for the 
asialoglycoprotein (Beltzer and Spiess, 1991). In addition, medium chains (p-subunits) 
have also been shown to interact with LL motifs (Rodionov and Bakke, 1998). Thus 
APs contain at least two physically separate binding sites for sorting signals.
Adaptor proteins have been shown to be important in endocytosis (Buckley et al., 
2000). Plasma membrane proteins that lack specific signals that specifiy interaction 
with AP-2 undergo endocytosis at a lower rate than normal (1% min'1 versus -10-12% 
min-1). It has been proposed that sorting motifs may enable GLUT4 to interact with 
coated pits via adaptor proteins causing efficient endocytosis (Pearse and Robinson,
1990). In addition, GLUT4 has a phosphorylation site adjacent to its di-leucine motif. 
This may inhibit or enhance adaptor binding, depending upon its phosphorylation status 
in a similar fashion to M6PR, (see Section 1.6.1).
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1.6.3 Epitope Masking
It is clear that both domains of GLUT4, the amino- and carboxyl-terminus are needed 
for efficient trafficking of GLUT4. The GLUT4 chimera and mutation studies that have 
led to elucidation of these requirements are reviewed in Holman and Sandoval, 2001. In 
addition to the targeting motifs, it has been suggested that eptiope masking in the 
carboxyl-terminal of GLUT4 may be involved in its translocation. This hypothesis came 
about from immunomicroscopy studies where GLUT4 was shown to be detected to 
different extents in insulin-stimulated cells dependent on the type of antibody used 
(Smith et al., 1991; Wang et al., 1996). Antibodies raised to the carboxyl-terminus of 
GLUT4 detected greater total GLUT4 in insulin-stimulated than basal. The amount of 
GLUT4 detected by amino-terminal GLUT4 antibodies did not change (Smith et al.,
1991). It is thought that the eptiope (carboxyl domain) may be masked in basal cells and 
the epitope is umasked with insulin-stimulation. This is discussed further in Chapter 3.
1.7 Aims of the Present Study
The overall aim of the experiments described in this thesis was to develop methods for 
examining GLUT4 trafficking and distribution between different subcellular locations 
in rat adipocytes. Intracellular GLUT4 is now known to reside in at least two 
intracellular compartments. On leaving the plasma membrane, it enters the endosomal 
system and is then sequestered into its storage compartment. Some literature on GLUT4 
localisation in rat adipocytes (Chapter 3) has led to the suggestion that the carboxyl- 
terminus of GLUT4 is masked when GLUT4 is sequestered in the storage compartment. 
In experiments described in this thesis, a GLUT4 amino-terminal antibody was 
characterised. Using the amino-terminal and carboxyl-terminal antibody in confocal 
microscopy the concept of epitope masking was re-examined in the rat adipocyte 
system where GLUT4 is highly sequestered.
Previous studies on kinetics of GLUT4 trafficking have been carried out using 
fractionation to separate the plasma membrane from the intracellular membranes. An 
improvement was sought since the fractionation procedure was difficult to carry out for 
multiple samples. Two new approaches were examined here:
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The first involved utilisation of the interaction of biotin (on a probe that can tag 
GLUT4) with extracellular avidin. It was postulated that this interaction would provide 
a means of distinguishing between cell surface GLUT4 that would interact with avidin 
and internalised GLUT4 that would not. A compound would need a long spacer arm 
between the GLUT4 and avidin and a compound of this sort was developed and tested 
for its utility in experiments described in this thesis.
The second approach that was thought to have potential in analysis of the separate cell 
surface and intracellular GLUT4 pools involved use of a compound with a cleavable 
disulphide bridge. It was postulated that it might be possible to use an impermeant 
cleavable reagent that would only interact with cell surface and not internal GLUT4 and 
therefore trace the GLUT4 movement between these compartments. A compound of 
this sort was developed and was tested for its utility in experiments described in this 
thesis.
The proportion of GLUT4 in endosomes and its storage compartment may be different 
in different cell types. To examine the extent of distribution of rat adipocyte GLUT4 
between endosomes and storage compartments, gradient centrifugation was utilised in 
experiments described in this thesis. Different methodologies were compared to 
establish a method that most efficiently accomplished this separation of compartments. 
It was established using these procedures that the levels of sequestrdion of GLUT4 out 
of endosomes was higher in rat adipocytes than in other cell systems that have been 
described in the literature (Chapter 5). Computer simulations were therefore carried out 
in order to examine the importance of retrograde trafficking between storage and 
endosomes in the maintenance of a high proportion of GLUT4 in the endosome system.
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2.0 Materials and Methods
2.1 General Materials
2.1.1 Chemical reagents
Laboratory chemicals and reagents were of analytical grade and obtained from Fisons 
Scientific U.K. Ltd., (Loughborough, U.K.,), Sigma-Aldrich Chemical Company 
(Poole, Dorset, U.K.,), or BDH Laboratory Supplies (Merk Ltd., Poole, Dorset, U.K.,). 
The reagents listed below were purchased elsewhere:
• Enhanced chemiluminescence (ECL) reagent, autoradiography film, (Hyperfilm™
rp »  » T \ y f
ECL ), Optiphase Safe scintillation fluid and radiolabelled sugars were obtained 
from Amersham Pharmacia (Little Chalfont, UK).
• Collagenase was obtained from Worthington, (Freehold, NJ).
• Monocompetent porcine insulin was a gift from Dr. G. Danielison, (Novo Nordisk).
• Bovine Serum Albumin (BSA) (Bovine Cohn Fraction V) was from Intergen 
Company, (Purchase, NY).
• Thesit (Nonaethylene glycol dodecyl ether) was purchased from Roche, (Lewes, East 
Sussex, UK).
• Protein molecular weight markers were from Sigma or New England BioLabs 
(Hertfordshire, UK).
• Ammonium persulphate was purchased from Bio-Rad, (Hertfordshire, UK).




Buffers used routinely were made up as shown below, and stored at 0-4 °C for up to one
month.
•  Ammonium persulphate: 100 mg/ml stock, made up fresh each day
•  Digestion buffer. 3.5% (w/v) BSA/KRH buffer containing 5 mM glucose and 700 
pg/ml collagenase.
•  Electrophoresis Running buffer: 0.025 M Tris-HCl, pH 6.3, 0.1% (w/v) SDS and 
0.2 M glycine.
•  Gradient buffer: 10 mM HEPES, pH 7.2, 150 mM NaCl, 1 mM MgCl2 and 1 mM 
EGTA.
•  Hepes-Nycodenz buffer: 20 mM HEPES, pH 7.2, 3 mM KC1 and 0.3 mM EDTA.
•  HES buffer (Hepes/EDTA): 10 mM HEPES, pH 7.2, 1 mM EDTA and 250 mM 
Sucrose.
•  Krebs-Ringer-HEPES, (KRH): 10 mM HEPES, pH 7.4, 140 mM NaCl, 4.7 mM 
KC1, 2.5 mM CaCl2, 1.25 mM MgS04 and 2.5 mM NaH2P 0 4.
•  MES buffer: 10 mM MES, pH 6.0, 140 mM NaCl, 4.7 mM KC1, 2.5 mM CaCl2,
1.25 mM MgS04 and 1% (w/v) BSA.
•  Phosphate-buffered Saline, (PBS): 154 mM NaCl, 12.5 mM Na2HP04.12H20 , pH 
7.2.
•  Ponceau Dye: 0.1% Ponceau S (w/v) in 3% trichloroacetic acid (v/v), stored at room 
temperature.
•  Resolving Gel buffer: 1.5 M Tris-HCl, pH 8.8 and 0.4% (w/v) SDS.
•  Sample buffer: 10% SDS (w/v), 0.5M Tris-HCl, pH 6.8, 0.05% (w/v) bromophenol 
blue and 10% (v/v) glycerol.
•  Stacking Gel buffer: 0.5 M Tris-HCl, pH 6.8 and 0.4% (w/v) SDS.
•  Transfer buffer: 39 mM glycine, 48 mM Tris, pH 8.8, 0.0375% (w/v) SDS and 20% 
(v/v) methanol.
•  Tris-buffered Saline, (TBS-Tween): 10 mM Tris, pH 7.4, 154 mM NaCl and 0.1% 
(v/v) Tween-20
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Antipain, aprotinin, pepstatin A and leupeptin protease inhibitors were used in the 
buffers as stated in the experimental, (Sections 2.31, 2.33, 2.5.3. and 2.60). All protease 
inhibitors were made up in a stock of 0.5 mg/ml, stored at -20°C. Final concentrations 
of protease inhibitors in solution were at 1 pg/ml. 4-(2-aminoethyl) benzenesulfony 
fluoride (AEBSF) was also stored at -20 °C at a stock concentration of 100 mM and 
used at a final concentration of 100 pM.
2.1.3 Antibodies
The primary and secondary antibodies used are listed below, (Table 2.1 pages 45-46 
and Table 2.2, page 47 respectively). The antibody source and working dilution for 
Western blotting (Section 2.2.5) and immunofluorescence (Section 2.2.6) have been 
given. All primary antibodies were diluted in TBS-Tween 20 containing 1% BSA and 
0.02% (w/v) azide, unless otherwise stated. Glucose transporter rabbit antiserum was 
raised against either the carboxyl- (COOH) or amino- (NH2) terminal of the protein. 
Rabbit antisera against GLUT4 and GLUT1 COOH-terminal peptides, (Holman et al.,
1990) were produced in a collaboration between Dr. S. W. Cushman (National Health, 
Bethesda, USA) and this laboratory. Secondary antibodies for Western blotting were 
diluted in 5% (w/v) Marvel® in TBS-Tween.
2.1.4 Biotinylated Photolabels
Biotinylated photolabels were synthesised either by Professor G.D. Holman or Dr. M. 
Hashimoto. The photolabels were synthesised from a modification of the synthesis of 
the bis-mannose photolabel, ATB-BMPA (Holman et al., 1990). Photolabel structures 
are shown in Table 2.3, page 47.
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Source W orking Dilution 
W estern Blotting WB 
Im munofluorescence 
IF










Sigma, Poole, U.K. 5 pg/ml 
IF
Rabbit anti-Biotin FITC Polyclonal Vector Laboratories, 5 fig/ml
conjugate Purified Peterborough, U.K. IF
Extravidin Polyclonal
Serum
Sigma, Poole, U.K. 1:2000
WB
Rabbit anti-COOH Polyclonal G.D. Holman, 1:1000
GLUT1 Serum University o f  Bath, 
U.K.
WB
Rabbit anti-COOH Polyclonal G.D. Holman, 1:4000
GLUT4 Serum University o f  Bath, 
U.K.
WB
Rabbit anti-COOH Polyclonal G.D. Holman, 1:4000 WB











Rabbit anti-NH2 Polyclonal D. Harper, University 1:1000 WB
GLUT4 Purified o f Bath, U.K. 1 |ig/ml IF
Mouse anti-COOH Monoclonal (1F8) Biogenesis Ltd. 1:1000 WB
GLUT4 Purified Poole, U.K. 5 pg/ml IF







Rabbit anti-EEA 1 Polyclonal
Serum
M. Clague, University 
o f Liverpool, U.K.
1:1000 (in 5% Marvel, 








Source W orking Dilution  












J. Mitchell, University 












S. Oldfield, University 
o f Bath U.K.
1:5000
WB
Mouse anti-TGN38 Monoclonal (2F 7.1) 
Purified
G. Banting, University 
o f Bristol and P. 
Luzio, Addenbrooke’s 




Mouse anti-Transferrin Monoclonal C. Hopkins, 1:1000
FITC Purified University o f London, 
U.K.
IF
Mouse anti-Transferrin Monoclonal C. Hopkins, 1:1000
Texas Red Purified University o f London. IF
Mouse anti -Transferrin Monoclonal (CD 71) Chemicon 1:1000
Receptor Purified International Inc., 
U.S.A.
WB
Mouse anti -Transferrin Monoclonal Zymed Laboratories, 1:1000
Receptor Purified Inc., U.S.A. WB
Rabbit anti-VAMP2 Polyclonal (L220) 
Purified





(made in 1% BSA  
instead o f  Marvel) 
WB
Mouse anti-VAMP2 Monoclonal (CL69.1) 
Purified





Table 2.2: Secondary Antibodies: Source and their Working Dilutions
Antibody Source Dilution











1:1000 WB (for EEA1 
antibody)






FITC anti-rabbit IgG Jackson Immunoresearch 




Rhodamine anti-mouse IgG Jackson Immunoresearch 




Table 2.3: Biotinylated Photolabels for Tagging Glucose Transporters
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2.2 Protein Biochemistry Techniques
The following section describes common protein biochemistry techniques used in 
experimental work.
2.2.1 Protein Assay
Protein concentrations were obtained by using the Pierce bicinchoninic acid (BCA) 
protein assay (Smith et al., 1985). A standard curve of 0.2-1 mg/ml BSA in 0.1 M 
NaOH was constructed. Protein samples were diluted with 0.2 M NaOH to within the 
standard range. To all samples, 200 pi of working BCA reagent C was added. Working 
reagent C consisted of 50 parts reagent A; bicinchoninic acid solution, (Pierce & 
Warriner Ltd., Rockford, IL U.S.A.,) and 1 part reagent B: a 4% (w/v) copper sulphate 
solution. Samples were placed at 37 °C for 30 min and read by absorbance spectroscopy 
at 562 nm in a microplate spectrophotometer. All readings were carried out in triplicate.
2.2.2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE).
Electrophoresis was carried out using a modification of the method from Kato (Kato et 
a l,  1983) using the discontinuous buffer system of Laemmli (Laemmli, 1970). Protein 
samples were solubilised in Sample buffer for 5 min at 95 °C. Depending on the nature 
of the experiment either 10 mM DTT or 10% 2-p mercaptoethanol were also added to 
samples for disulphide bond reduction. Samples were loaded onto a polyacrylamide gels 
either by using the Protean II system or the Mini protein II system (both from BIO­
RAD). All gels were 1.5 mm in thickness. Stock buffers (Section 2.1.2) were stored for 
up to one month at 0-4 °C. The amount used for gel reagents is shown below, (Table 
2.4) for different percentage of gels.
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Table 2.4: Quantities of stock solutions required to make up one 3 mm gel of 8, 10 
or 12 percent acrylamide.
Stock Solutions R esolving Gel 
8% 10% 12%
Stacking Gel
Resolving gel buffer (ml) 25 25 25 -
Stacking gel buffer (ml) - - - 3.4
Acrylamide stock (ml) 20 25 30 5
Double-distilled water (ml) 30 25 20 7.5
Ammonium persulphate (ml) 0.5 0.5 0.5 0.1
TEMED (pi) 40 40 40 20
Minigels were run at a constant 200 mA and Protean II gels were run at a maximum 
constant current of 25 mA through stacking gels and 35 mA through resolving gels. 
Gels were run until the dye front eluted from the bottom of the gel. Broad Range 
molecular weight markers (New England Biolabs) or High Molecular Weight markers 
(Sigma) were run on each gel. The molecular weight standards for the Broad Range 
markers were: myosin (212 kDa), maltose binding protein-P-galactosidase (158 kDa), 
p-galactosidase (116 kDa), phosphorylase b (97 kDa), serum albumin (66 kDa), 
Glutamic dehydrogenase (55 kDa), maltose binding protein (42 kDa), Lactate 
dehydrogenase (36 kDa), Triosephosphate isomerase (26 kDa), Trypsin inhibitor (20 
kDa), Lysozyme (14 kDa), Aprotinin (6 kDa) and Insulin A, B chain (2-3 kDa). The 
molecular weight standards for the High Molecular Weight markers were: myosin (205 
kDa), P-galactosidase (116 kDa), phosphorylase b (97 kDa), bovine albumin (66 kDa), 
egg albumin (45 kDa) and carbonic anhydrase (29 kDa).
2.2.3 Coomaise Blue Staining
Protein bands were visualised by staining with Coomaise brilliant blue reagent (0.2% 
(w/v) Coomaise blue R-250 in 30% (v/v) MeOH, 10% (v/v) glacial acetic acid, 60% 
(v/v) dH20) for half an h. Staining was followed by destaining (30% (v/v) MeOH, 10% 
glacial acetic acid, 60% (v/v) dH20). The gels were dried at room temperature between 
two layers of Biotrace membrane pre-soaked in destaining solution containing 8.7 (v/v) 
glycerol.
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2.2.4 Electrophoretic Transfer of gels to Nitrocellulose
Gel proteins were transferred onto nitrocellulose (0.4 pM pore size from Biotrace, Pau 
Gelman Sciences) using the semi-dry transfer method as described by Towbin (Towbin 
et al., 1979). Eighteen sheets of filter paper (3MM Whatmann paper) and a sheet of 
nitrocellulose were cut to the same size of the resolving gel. Filter paper, nitrocellulose 
and the gel were pre-soaked in transfer buffer, (Section 2.1.2). Both the anode and 
cathode electrodes were pre-soaked with distilled water. Nine sheets of filter paper were 
laid onto the anode electrode and then the nitrocellulose sheet was placed on top, 
followed by the gel and the remaining sheets of filter paper. All air bubbles were 
removed and the cathode electrode placed on top. Gel transfers were for 1 h and 50 min 
by applying a constant current (0.8 mA x gel area in cm). After transfer, the 
nitrocellulose was washed with distilled water and stained with ponceau dye, (Section
2.1.2) in order to visualise proteins.
2.2.5 Western Blotting
Nitrocellulose was rinsed briefly in TBS-Tween (Section 2.1.2). All of the Western blot 
procedures were carried out at room temperature with gentle shaking of the 
nitrocelluose. Blocking of non-specific proteins on nitrocellulose was carried out for 30 
min using 5% (w/v) Marvel® dried skimmed milk in TBS-Tween. The nitrocellulose 
was washed briefly in TBS-Tween to remove all blocking solution and then incubated 
with the primary antibody. For a list of primary and secondary antibodies used for 
Western blotting, see Table 2.1 and Table 2.2, pages 45-47. The nitrocellulose was then 
washed 6 x 5  min with TBS-Tween, and then incubated with the secondary horseradish 
peroxidase (HRP) conjugated antibody for 30 min. After washes (6 times for 5 min) 
with TBS-Tween the nitrocellulose was incubated for 1 min or 5 min with ECL 
detection reagents. This allowed detection of proteins bound to the horseradish 
peroxidase chemiluminescent reagent. Exposure of the nitrocellulose to 
autoradiography film detected any chemiluminescent products.
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2.2.6 Data Analysis
Densometric analyses of scanned Western blots were carried out using the program 
Molecular Analyst™/PC version 1.5, (Bio-Rad Laboratories). Graphical data were 
plotted using GraphPad PRISM version 3, (GraphPad Software Inc.,).
2.3 Preparation of Rat Adipocytes
Rat adipocytes were obtained from epididymal fat pads of male Wistar rats weighing 
180 to 200 g. BSA stocks were prepared prior to the removal of fat pads. 100 g of BSA 
powder was dissolved in 500 ml of double-distilled water and dialysed for 24 h at 4 °C 
with two changes of ten times volume of double-distilled water. The BSA solution was 
made up to 10% (w/v) and filtered through a Millipore filter (type AA, pore size 0.8pm; 
Millipore V Corporation, Bedford, MA). The BSA solution was then adjusted to pH 7.4 
with 10 M NaOH and stored in frozen aliquots at -20 °C.
The necks of male Wistar rats were broken and whole epididymal fat pads were 
removed quickly (Simpson et al., 1983; Taylor et al., 1981; Whitesell et al., 1979). The 
fat pads were briefly washed in 1% (w/v) BSA/KRH buffer at 37 °C and chopped up 
finely with scissors in Digestion buffer. The tissue from four fat pads were digested in 5 
ml of Digestion buffer by vigorous shaking for 40-50 min at 37 °C. Digestion was 
carried out in 25 ml Sterilin clear polystyrene tubes. Any undigested connective 
material was removed by filtration through a nylon gauze of 250 pm pore size, 
(Lockertex), into a 23 ml polystyrene flat-bottomed tube (Sarstedt). Cells were washed 
with 1% (w/v) BSA/KRH at 37°C. Once the fat cells were floating on top of the buffer, 
the infranatant buffer was removed using a needle 13 guage x 10 cm, (2 mm dia. x 100 
mm) attached to a syringe. Cells were washed four times using this procedure or until 
the BSA/KRH buffer became clear. Cells were made up to 40% cytocrit.
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2.3.1 Insulin-stimulation of Isolated Rat Adipocytes
1 mg of monocomponent porcine insulin was prepared by dissolving in 1 ml of 0.03 M 
HC1 and made up to a volume of 3 ml with double-distilled water. 1 ml of this solution 
was then diluted to 50 ml with 1% (w/v) BSA/KRH buffer, pH 7.6. The insulin stock 
solution, (final concentration of 1 mM) was stored at -20 °C in 500 pi aliquots until 
required. The 1 mM insulin solution was not refrozen once thawed.
20 nM of insulin from the 1 mM stock was used to stimulate isolated rat adipocytes 
(40% cytocrit), for 20 min at 37°C. Basal cells were also maintained at 37 °C during 
this time. Cells were stimulated with 5 nM insulin for 20 min at 37 °C in studies 
involving GLUT4 internalisation, (Sections 2.5.2. and 2.6.3).
2.3.2 Subcellular Subfractionation of Rat Adipocytes
Cells were washed 3 times with HES buffer, (Section 2.1.2) containing protease 
inhibitors at 18 °C to remove albumin. A pulse spin to 1000 g in a bench centrifuge 
(EEC centr-3) was used to float the cells. The infranatant buffer was removed using a 
needle (2 mm dia. x 100 mm), and the cells were resuspended in 1.5 ml HES buffer for 
homogenisation. Cells were homogenised using 10 strokes in a 55 ml Potter-Elvehjem 
homogeniser (Thomas Scientific: clearance 0.15-0.25 mm) at a rotation speed of 
approximately 1600 rpm. The resultant homogenates were spun at 1000 g for 2 min 
producing a layer of fat and an infranatant layer. The infranatant layers were removed 
with a syringe and needle (21 gauge). The infranatants were subjected to sequential 
centrifugation with a TLA-100.3 rotor (Beckman TL-100) using a method described by 
Weber (Weber et al., '88). Crude plasma membrane pellets (containing contaminating 
mitochondria and nuclei) were obtained by centrifugation at 17, 500 gmax (18, 000 rpm) 
for 20 min.
The supernatants were centrifuged at 49, 000 gmax (30, 000 rpm) for 9 min to produce 
the high density microsome pellets and post HDM supernatants. To obtain the low 
density microsomes the post HDM supernatants were spun at 541, 000 gmaX (100 000 
rpm) for 17 min. The crude plasma membrane pellets were resuspended in 300 pi HES 
buffer and loaded onto 0.6 ml sucrose cushions (1.2 M sucrose (38.3% (w/v), 20 mM 
HEPES pH 7.2, 1 mM EDTA) and centrifuged at 105, 000 gmax (35, 000 rpm) for 20
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min in TLA-100 swingout rotor. The mitochondria and nuclei pellets were discarded 
and the plasma membranes were collected from the sucrose cushions, resuspended in 
HES buffer (containing protease inhibitors), to 3 ml and centrifuged at 74, 000 gmaX (37, 
000 rpm) for 9 min. The plasma membrane pellet was resuspended in 3 ml HES buffer 
and repelleted at 74, 000 gmax for 9 min. All membrane fractions were resuspended in 
HES and assayed for protein content, (Section 2.2.1).
2.4 Human Erythrocyte Preparation
2.4.1 Preparation of Erythrocyte Membranes
A method described by Baldwin and Lienhard was used to prepare protein depleted 
erythrocyte membranes (Baldwin et al., 1989). A unit of human blood (450 ml) was 
distributed into six 250 ml tubes for the Sorvall GSA rotor and then diluted to 175 ml 
with 5 mM sodium phosphate, 150 mM NaCl, pH 8. The cells were pelleted for 10 min 
at 3, 300 gmax (4, 500 rpm). The supernatant was aspirated using a Pasteur pipette 
attached to a water pump. The cells were resuspended to 175 ml with 5 mM sodium 
phosphate, 150 mM NaCl, pH 8 buffer with gentle stirring with a glass rod. Cells were 
washed as before for another two times. Cells were then lysed by the addition of 5 mM 
sodium phosphate, pH 8 and adjusted to a volume of 175 ml. The membranes were 
pelleted by centrifugation at 21, 5000 gmax (11, 500 rpm) for 25 min. The supernatant 
was aspirated and the lysis step repeated 5 times until the membranes were faintly pink. 
Washed erythrocyte membranes were assayed for protein content and stored at -20°C.
2.4.2 Protein Depletion of Erythrocyte Membranes
To a 40 ml suspension of erythrocyte membranes (3-4 mg/ml), 210 ml of base solution 
(15 mM NaOH, 2 mM Na2EDTA, 0.2 mM DTT) was added with constant stirring. The 
base solution was prepared by dissolving 180 mg EDTA in 250 ml 15 mM NaOH, 
bubbling through N2 for 5 min to remove O2 and adding 7.5 mg DTT just before use.
The mixture was then centrifuged at 43, 500 gmax (19, 000) rpm in SS34 tubes for 20 
min, and the supernatant aspirated. Pellets were washed in 25 ml of ice-cold 50 mM 
Tris-HCl pH 7.4. The protein depleted membranes were pelleted again as described
above. The pellets were resuspended in 3.8 ml of ice-cold 50 mM Tris-HCl pH 7.4 and
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transferred to a 20 ml homogeniser vessel (Thomas Scientific). Homogenisation was 
carried out using 15-20 strokes and repeated with other 40 ml membrane suspensions 
after washing the vessel with 50 mM Tris-HCl pH 7.4. The homogenised samples were 
pooled together and stored at -20°C.
2.5 Glucose Transport Studies
2.5.1 Estimation of the Affinity of Photolabels for Glucose Transporters.
Affinities of labels were estimated from their level of competition with 2-deoxy-D- 
glucose for glucose transporter exofacial binding sites. This was carried out with 
modification of the method first described by Whitesell and Gliemann (Whitesell et al., 
1979). The transported substrate was used at a tracer concentration that was below the 
Km. The tracer was made up to give a final concentration of 4 pCi of 2-Deoxy-[2,6- 
H]D-glucose (33 Ci/mmol) and 50 pM cold 2-deoxy-D-glucose in albumin free KRH. 
Uptake was measured with 20 pi of the tracer stock in round bottom 3 ml thin walled 
polyallomer tubes, (Nunc). The photolabels were serial diluted (final concentration in 
assays were 1.6 mM, 800 pM, 400 pM, 200 pM or 0 pM) to a volume of 20 pi in 
double-distilled water. The diluted photolabel was mixed with the tracer stock. Uptake 
of the 50 pM 2-deoxy-D-glucose was initiated by the addition of 50 pi of 40 % basal or 
insulin-stimulated rat adipocyte cells at 37 °C. Uptake was terminated after 1 min by the 
addition of 2.9 ml of a 300 pM phloretin solution in albumin-free KRH. The phloretin 
solution was made by dissolving 9 mg of phloretin in 500 pi of 95% (v/v) ethanol and 
subsequently adding this to 100 ml of KRH. Following the arrest of transport, 1 ml of 
silicon oil (Dow Corming 1000/200 cs, obtained from BDH) was layered on top of the 
aqueous phase (Gliemann et a l,  1972). The tubes were then centrifuged (MSE bench 
centrifuge, swingout rotor) at 1000 g for up to 2 min. The sample formed one or two 
‘islets’ of cell layers on top of the oil, which were removed using small pieces of pipe 
cleaners (5 mm) and were placed in a scintillation vial. 7 ml of scintillant was added 
and radioactivity estimated in a Packard 1500 TRI-CARB or 1600TR liquid scintillation 
counter. All measurements were carried out in triplicate. Background values (zero-time 
uptake) were determined by adding phloretin to the isotope before the addition of the 
cells. This indicated the amount of extracellular trapped radioactivity.
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The rate constant for uptake in the presence (V) and absence (Vo) of inhibitor (I) were 
then used to calculate the half-maximal inhibition constants for photolabels (Ki), (Baker 
et a l, 1973) according to the equation:
Vo /V = 1 + I/Ki
This equation applies when the substrate concentration is low compared with its Km.
2.5.2 Photolabelling of Cell Surface Glucose Transporters.
Rat Adipocyte Photolabelling o f Glucose Transporters
Rat adipocytes (40% cytocrit) in 1% BSA/KRH buffer were placed in 35 mm 
polystyrene dishes (Nunc/Gibco BRL). A range of concentrations of biotinylated 
photolabel was added to a volume of adipocytes, as indicated in the figure legends. The 
cells and label were mixed at 18 °C and irradiated for 1 min in a Rayonet RpR-100 
photoreactor containing ‘mixed lights’, a 50:50 ratio of 300 and 350 nm lamps. 
Following irradiation, the cells were placed into either 20 ml Sterilin universal tubes or 
50 ml Falcon tubes with the appropriate wash buffer. A pulse spin to 1000 g in a bench 
centrifuge (EEC centr-3) was used to wash excess label from the cells. The wash buffer 
used in experiments for detecting surface labelling of glucose transporters in whole cell 
rat adipocytes (lysates) was 0.1% (w/v) BSA/KRH at 18°C. For detection of labelled 
glucose transporters in rat adipocyte subtractions (Section 2.3.2), the wash buffer was 
HES buffer. The infranatant buffer was removed using a needle (2 mm dia. x 100 mm), 
and the cells were resuspended in buffer for re-washing. Samples were either 
solubilised for whole cell lysates by the addition of an equal volume of 2% (w/v) Thesit 
in PBS buffer or homogenised in HES buffer. Solubilisation or homogenisations were 
carried out at 18 °C with the presence of protease inhibitors in the buffers. The 
unsolubilised material was removed by centrifugation at 2000 g for 20 min. Samples 
were then processed as described in Section 2.5.3 and quantified for glucose transporter 
labelling (Section 2.2.6).
Human Erythrocyte Glucose Transporter Labelling
Protein depleted erythocyte membranes, (Section 2.4) were used in experiments in 
which glucose transporters were tagged using photolabels (Table 2.3, page 45). For
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each condition, 50 pg of red blood cell ghosts were added to a total volume of 300 pi of 
ice-cold PBS containing protease inhibitors, (Section 2.1.2). The samples were placed 
in 35 mm polystyrene dishes (Nunc/Gibco BRL) with the photolabels as described in 
the figure legends. The cells were irradiated for 1 min in mixed lights and excess label 
was removed with washes (4 times 1.4 ml ice-cold PBS) and centrifugation at 20, 000 g 
for 15 min. After the final wash, the pellet was resuspended in 30 pi of 2% (w/v) Thesit 
in ice-cold PBS buffer containing protease inhibitors. The unsolubilised material was 
removed by centrifugation at 20, 000 g for 20 min. Samples were then processed as 
described in Section 2.5.3 and quantified for glucose transporter labelling, (Section 
2 .2 .6).
Internalisation and exocytosis o f  biotin-tagged Glucose Transporters 
Rat adipocytes (40% cytocrit) were stimulated with 5 nM insulin for 20 min. Cell 
surface glucose transporters were then tagged with biotinylated photolabels at 18 °C. 
Cells were then washed twice in MES buffer (Yang et al., 1992b) at 37 °C and 
subsequently twice in 1% (w/v) BSA/KRH containing 2 mM D-glucose at 37 °C. Cells 
were left for 40 min to allow for glucose transporter internalisation (Clark et al., 1991). 
For estimation of exocytosis rates, cells in which tagged GLUT4 had been internalised 
for 40 min were divided into 500 pi aliquots and re-stimulated with the addition of 20 
nM insulin for 0-20 min. Neutravidin (Pierce & Warriner Ltd., Chester, U.K.,) at a final 
concentration of 40 pg was added to the cells simultaneously with the insulin (Clark et 
al., 1991; Kono et al., 1981). Exocytosis of the glucose transporters was inhibited at the 
appropriate time points with the addition of 2 mM KCN. Samples were left for 2 min 
prior to the addition of 500 pi of solubilisation buffer, (Section 2.5.2) and samples were 
then processed as described in Section 2.5.3. Cells were quantified for glucose 
transporter labelling (Section 2.2.6).
2.5.3 Detection of the covalent incorporation of photolabels into glucose 
transporters
Detection o f  tagged GLUT4 by Immunoprecipitation
The photolabelled transporters from solubilised supernatants or subfractions of 
adipocytes (Section 2.5.2) were immunoprecipitated overnight at 4 °C with rotation 
against 50 pi of streptavidin (50% slurry) beads (Pierce & Warriner Ltd.,) per condition.
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Prior to immunoprecipitation, the beads were washed twice by spinning at 6000g for 1 
min in 1 ml of ice-cold PBS buffer containing protease inhibitors. This removed the 
storage buffer from the bead. The streptavidin beads were then washed 4 times in 1% 
(w/v) Thesit in PBS buffer, 4 times in 0.1% (w/v) Thesit in PBS buffer and finally, once 
with 1 ml of PBS buffer. All buffers contained protease inhibitors. All buffer was 
removed and the bound biotinylated glucose transporters were eluted in 30 pi of SDS 
sample buffer (62.5 mM Tris-HCl, pH 6.7, 3% (w/v) SDS, 50% (v/v) glycerol, 0.02% 
bromophenol blue) by heating at 95 °C for 30 min. The eluate was collected and the 
procedure was repeated. The two eluates were pooled together with a final 
concentration of 4 mM of DTT. The samples were loaded onto 10% SDS-PAGE gels, 
transferred to nitrocellulose and blotted with rabbit COOH GLUT4 antibody.
Detection o f  Tagged GLUT1 in Human Erythocytes
Subsequent to the solubilisation of tagged GLUT1 on the red blood cell membranes, 
(Section 2.5.2) the samples were placed in Sample buffer containing 10 mM DTT and 
subjected to SDS-PAGE. The gels were transferred to nitrocellulose and detected for 
biotinylated GLUT1 with an extravidin-HRP conjugate (Section 2.1.3, Table 2.12, page 
45).
2.6. Gradient Centrifugation
For each gradient experiment, 4 fat pads were isolated from male Wistar rats. Isolated 
rat adipocytes from the fat pads were treated as described in the figure legends, and then 
homogenised in HES buffer (Section 2.3.2). Post HDM supernatants or low density 
fractions from the homogenate were obtained and loaded onto gradients for 
centrifugation. The gradient centrifugation media (either iodixanol (Optiprep™), 
sucrose or glycerol), were prepared using gradient buffer (Section 2.3.2) containing 
protease inhibitors as first described by Clift-O'Grady and colleagues (Clift-O'Grady et 
al., 1990). Iodixanol, glycerol and sucrose concentrations are expressed as a percentage 
(w/v).
2.6.1 Density Gradient Centrifugation
Glycerol or iodixanol media were used in Gradient buffer to prepare discontinuous step
gradients. The gradients were constructed with an 8 ml 50% (w/v) sucrose cushion,
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layered on top with 5.5 ml of step 5-25% (w/v) glycerol or iodixanol. Gradients were 
made on ice in polyallomer 25 x 89 mm (38 ml) centrifuge tubes, (Beckman Coulter, 
Bucks. U.K.,). 2 ml - 2.5 ml of Post HDM supernatants of LDM rat adipocyte 
subtractions were diluted 5 fold in Gradient buffer and layered carefully on top of the 
gradients. Gradients were centrifuged at 4 °C in a SW28 Titanium swing-out rotor 
(Beckman Instruments Inc.), at a speed of 80, 000 gaV (25, 500 rpm) for 90 min or 16 h. 
Gradient fractions (2 ml) were collected from the bottom to top of tube by the use of a 
capillary tube and peristaltic pump. Aliquots of each fraction (100 pi) were then 
subjected to SDS-PAGE, (Section 2.2.2) and Western blotting (Section 2.2.5) for the 
analysis of their component proteins.
2.6.2 Self-forming Gradients
Iodixanol, (Ford et al., 1994; Graham et al., 1994) self-generating gradients were 
prepared as described by Hashiramoto and James (Hashiramoto and James, 2000). 
LDM fractions were prepared from rat adipose cells as described above, (Section 2.3.1) 
and resuspended in HES buffer. The LDM was mixed with iodixanol to a 14% final 
concentration and the resultant sucrose in the mixture was 190 mM. Self-generating 
gradients were formed in 2 ml sealed tubes (Beckman Coulter) by centrifuging to 
equilibrium at 4 °C in a TLV-100 vertical rotor (Beckman Coulter) at 265, 000 gaV for 1,
2.5 or 4 hr. Fractions (approx. 200 pi) were collected from the top of the tube and 
analysed by Western blotting, (Section 2.2.5).
2.6.3 Analysis of Biotinylated GLUT4 Compartments on Gradients
Rat adipocytes (40% cytocrit) were stimulated with 5 nM insulin for 20 min after which 
cell surface glucose transporters were tagged with biotinylated photolabel at 18 °C, 
(Section 2.5.2). The photolabels used are indicated in the figure legends. Cells were 
then washed twice in MES buffer at 37 °C and subsequently twice in 1% (w/v) 
BSA/KRH containing 2 mM D-glucose at 37 °C. Cells were left for 4 or 40 min to allow 
glucose transporter internalisation. Trafficking was terminated by washing the cells in 
HES buffer at 18 °C, (Section 2.1.2) and the cells were homogenised and 
subfractionated to produce either LDM or post HDM supernatants (Section 2.3.2). The 
samples were loaded onto the appropriate gradients (see figure legends). Fractions from
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the gradients were analysed for the presence of GLUT4, TfR and sortilin by Western 
blotting, (Section 2.1.3, Table 2.1). Fractions with GLUT4 and fractions with TfR 
present were pooled together and extensively dialysed overnight against PBS at 4°C. 
After concentrating the samples to 1 ml, the samples were analysed for the biotinylated 
GLUT4 content (Section 2.5.3).
2.6.4 Computer Modelling of Translocation Systems
The computer simulations were carried out using the interactive simulation software 
package ISIM, distributed by Simulation Science, Manchester, UK. The simulation 
methodology and strategy was followed from published methods (Holman et al., 1994).
2.7. Confocal Microscopy
2.7.1 Preparation and Incubation of Adipose Cells
Rat adipocytes (40% cytocrit) were suspended in 1% (w/v) BSA/KRH, (Section 2.3.0) 
and were prepared for confocal microscopy as described by Malide and colleagues 
(Malide et al., 1997a). Unless stated otherwise all procedures were performed at room 
temperature. For each condition, 1- 2 ml of rat adipocytes were used in Sarstedt tubes. 
After removal of the buffer, cells were gently rinsed three times with 7.5 ml PBS (pH
7.2) and fixed for 20 min by rocking in 7.5 ml of 2% (w/v) paraformaldehyde in PBS. 
Cells were washed 3 times in PBS, and quenched in 100 mM glycine in PBS for 10 
min. Cells were rocked gently in 7.5 ml of Permeabilisation buffer, (0.1% saponin, 3% 
Goat Serum, 1% BSA in PBS) for 45 min. Floating cells (approximately 200 pi) were 
taken from the top of the buffer and placed in 1.5 ml microfuge tubes (Sartstedt). The 
buffer was removed and replaced with the appropriate primary antibodies, (Section 
2.1.3, Table 2.1). The antibodies were made up in Permeabilisation buffer. The cells 
were rotated for 1 h at room temperature in the presence of the primary antibodies. 
After 1 h incubation, the cells were washed six times in wash buffer, containing 1% 
(w/v) BSA/PBS with 0.1% saponin. A 200 g, 30-second spin was used for washing and 
21g needle and syringe was used to remove the infranatant wash buffer from the 
floating cells. Secondary antibodies (Section 2.1.3, Table 2.2) were incubated with the 
cells for 1 h in Permeabilsation buffer, after which the cells were washed three times 
and transferred to 2 ml Eppendorf tubes for rotation overnight. Cells were then washed
a further six times and 10 pi of the cells were mounted onto coverslips using 
Vectashield, (Vector Laboratories, Inc. Burlingame, CA).
2.7.2 Microscopy and Image Analysis
Fluorescent images were obtained using a Zeiss confocal laser scanning microscope, 
(LSM 510, Carl Zeiss Microscopy, Germany). The system utilised a 454/488 nm laser 
(for fluorescein labelled samples) or a 543 nm laser (for rhodamine labelled samples). 
Specimens were viewed at high magnification using planapochromat X 60/1.4 NA oil 
objectives. For each experimental condition, 3 images/cell were recorded from at least 3 
cells. Images were collected sequentially for the two fluorochromes in the double­
labelling experiments at an optical zoom setting of 2. Co-localisation was assessed by 
the examination of merged images.
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3.0 Purification and Characterisation o f an Amino-Terminal
GLUT4 Antibody
3.1 Immunological Probes as Tools for Tracking GLUT4
With the use of cytochlasin B binding and subcellular fractionation, it was first shown 
in 1980 that the mechanism by which insulin increases glucose transport in cells is by 
the translocation of glucose transporters from the interior of the cell to the plasma 
membrane (Cushman and Wardzala, 1980). Since this discovery a number of 
technologies have been developed which have allowed researchers to define the glucose 
transporter responsible for this increased transport activity. One approach has 
extensively involved the use of immunological probes against glucose transporters. 
James and Pilch were the first to isolate a monoclonal antibody which recognised a 
protein subsequently shown to be GLUT4, (James et al., 1988). GLUT4 antibodies have 
provided a means to investigate the association of GLUT4 with other proteins present in 
GLUT4 vesicles. Lienhard and colleagues were able to immunoadsorb GLUT4 vesicles 
from the low density microsomal membrane fraction using GLUT4 antibodies 
immobilised to a solid matrix, (Biber and Lienhard, 1986; Brown et al., 1988)
Over ten years of research into GLUT4 trafficking have lead to the production of many 
different GLUT4 antibodies, (see Section 2.1.3 and Figure 3.1, page 63 for examples). 
These antibodies have been used to analyse GLUT4 distribution and translocation 
(Ploug et a l , 1998; Smith et a l, 1991; Wang et a l, 1996a). The current model that 
GLUT4 translocates from intracellular compartments to the plasma membrane in 
response to insulin has been firmly established using a combination of methods and 
these include quantitative ultrastructural examination using immunogold labelling (Slot 
et a l, 1991). However, there have been some studies that have suggested that the 
movement of GLUT4 in response to insulin may be more complicated than a simple 
translocation process. Two groups have proposed that the mechanism involves 
conformational changes which mask an antigenic epitope (Smith et a l, 1991; Wang et 
a l,  1996b). Wang and colleagues used a carboxyl-terminal GLUT4 antibody to detect 
for GLUT4 in frozen muscle cells. They observed an increase in the total native GLUT4 
immunoreactivity in the insulin-stimulated compared to basal sections of muscle 
compared to basal muscle. This was assessed by both confocal microscopy and 
immunogold electron microscopy. The Smith et al study reported that in insulin-treated
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rat adipocytes, the total number of labeled transporters detected by carboxyl-terminal 
GLUT4 antibodies increased by approximately 13-fold. However, this change was not 
observed when the group used an amino-terminal GLUT4 antibody. These results 
suggested that the carboxyl-terminal of GLUT4 was masked and that the unmasking of 
this epitope during translocation to the plasma membrane may be part of the mechanism 
for insulin-stimulation of glucose transport. This unmasking model seems feasible as 
the carboxyl-terminal cytoplasmic tail of GLUT4 lies in close proximity to a dileucine 
motif that confers insulin-sensitive targeting (Melvin et al., 1999; Verhey et a l, 1994; 
Verhey et a l, 1995).
3.1.1 Antibodies against the Amino- and Carboxyl-Terminal Domains of GLUT4
The experimental aim of the work described in this chapter was to purify and 
characterise a novel polyclonal GLUT4 antibody raised against a peptide corresponding 
to the amino-terminus of GLUT4 in order to re-examine the possibility of epitope 
masking. A rabbit antiserum against GLUT4 was prepared using a synthetic peptide of 
the amino-terminus of GLUT4, IGSEDGEPPQQC. The carboxyl-terminal GLUT4 
antibodies used were either the monoclonal 1F8 (James and Pilch, 1988) or the 









(amino acids methionine 1 - valine 25) 
MPSGFFQIGSEDGEPPQQRV 
h-polyclonal: IGSEDGEPPQQC (This Study) 




(amino acids arginine 467 - aspartic acid 509) 
RVPETRGRTFDQISAAFHRTPSLLEQEVKPSTELEYLGPDEND 
h-polyclonal: CSTELEYLGPDEND (Holman et al., 1990) 
h-monoclonal fF8;CTELEYLGPDEND ( J a m e se ta l ., 1988) 
h-polyclonal MC2A: CVKPSTELEYLGPDEND (smith et al., 1991) 
r-polyclonal: CTELEYLGPDEND (Jam es et al., 1989)________________
Figure3.1: Schematic representation of the amino- and carboxyl- terminal domains of GLUT4.
Examples of some synthetic GLUT4 amino- or carboxyl- peptides used to raise monoclonal 
or polyclonal antibodies against GLUT4 are shown.
3.2 Immiinoaffinity Purification of an Amino-Terminal GLUT4 
Antibody
3.2.1 Analysis of Rabbit Antisera raised against the synthetic GLUT4 peptides
Confirmation that the amino-terminal GLUT4 antibody (255 serum) bound specifically 
to the glucose transporter GLUT4 was sought using the technique of Western blotting, 
(Section 2.2.5). The serum detected a zone corresponding to the molecular weight range 
of 45-50 kDa on blots of rat adipocyte subfractions, (LDM: low density microsomal 
membrane fractions, PM: plasma membrane), (Figure 3.2, NH2-GLUT4 Ab). The bands 
were compared with those detected using a polyclonal carboxyl-terminal GLUT4 
antibody, (Figure 3.2, COOH-GLUT4 Ab). The amino-terminal GLUT4 antibody 
detected two bands, both around 45 kDa. In comparison, the carboxyl-terminal GLUT4 
antibody only detected one band of molecular weight 45 kDa. The presence of two 
bands with the amino-terminal GLUT4 antibody may have been due to the recognition 
of two forms of glucose transporter in rat adipose cells (Horuk et a l , 1986) or due to an 
artifact of sample preparation for SDS-PAGE. Past studies have shown that the 
carboxyl-terminal GLUT4 antibody is specific for the glucose transporter isoform, 
GLUT4 (Holman et al., 1990). This specificity of the carboxyl-terminal antibody has 
been shown in Figure 3.2. The reduction in binding of the antibody to GLUT4 from 
intracellular membranes in insulin-stimulated adipose cells, corresponds to the 
translocation of GLUT4 from the interior of the cell to the cell surface (Zorzano et al.,
1989).
There is no clear visual evidence of a reduction of the amino-terminal antibody binding 
to GLUT4 in LDM or a corresponding increase at the PM in the presence of insulin. 
The question was asked: Is the rabbit antisera (255 serum) specific for the GLUT4 
isoform or is the sera detecting other proteins around 45kDa other than GLUT4. To 
address these questions, an attempt was made to remove any contaminants from the sera 
by immunoaffinity purification. It was hoped that the purification step would increase 
the specificity of the 255 serum for its antigen, GLUT4.
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Fig 3.2: W estern blot detection o f GLUT4 in rat adipocyte 
subfractions with the use of amino- and carboxyl-terminal 
GLUT4 antibodies
Amino-terminal GLUT4 serum antibody (255 serum) and the 
carboxyl-terminal GLUT4 purified antibody (COOH-GLUT4 
Ab) were used to detect for GLUT4 in rat adipocyte 
subfractions o f  20 pg o f  plasma membrane, (PM ) and 10 jog o f  
low density micosomes, (LDM). Antibodies were used at a 
dilution o f  1:1000 and 1:4000 in 1% (w/v) BSA TBS-Tween 
respectively. Rat adipocytes were stimulated with 20 nM 
Insulin for 20 min (I) or were maintained in the basal state (B) 
prior to subfractionation. High molecular weight markers were 
used. The size o f  these proteins is given in kDa. The blue 
arrows indicate the bands detected by the amino-terminal 
GLUT4 serum. The Western blot shown above is representative 
o f three separate repetitions o f  this experiment.
65
3.2.2 Purification of amino-terminal GLUT4 rabbit antisera by a peptide column
Immunoaffmity purification of the amino-terminal GLUT4 serum (255 serum) was carried 
out by use of amino-terminal peptide as an antigen bound to a solid matrix. Several 
attempts were made to perfect the purification method before the correct column material 
was used, as described in this section.
Initial attempts to purify the 255 serum were carried out using a method similar to that of 
the purification of rabbit antisera against the synthetic peptide of the carboxyl-terminal of 
GLUT4, STELEYLGPDEND (Holman et al., 1990). The carboxyl-terminal peptide was 
made with a cysteine linking moiety at the serine terminus (Davies et al., 1987b). The 
amino-terminal GLUT4 peptide was also made with a cysteine moiety enabling affinity 
purification using a peptide column similar to that described by Oka and colleagues (Oka et 
al., 1988). 5 mg of peptide was coupled to 2 ml of Reactigel-6X (Pierce and Warriner 
Chem. Co., Rockford, IL) in 0.1M sodium borate buffer, pH 8.5. The mechanism for the 
coupling reaction between peptide and Reactigel-6X is given in Figure 3.3A. After 
equilibrating the Reactigel in a small column with PBS, 4 ml of the rabbit antisera (255 
second bleed) was circulated overnight. The reactigel was then washed in PBS and 2 M 
NaCl in 10 mM phosphate buffer, pH 7.2 to remove loosely bound non-specific impurities. 
The bound antibody was then eluted with 3.5 M sodium thiocyanate in 10 mM sodium 
phosphate buffer, pH 6.6 and dialysed overnight against PBS. Western blot analysis 
revealed that a large amount of the immunoreactive component of the serum was lost 
during the procedures of washing the column in PBS. This indicated that the coupling of 
the peptide to the matrix was not successful and purification procedures were terminated, 
(results not shown).
The 255 serum was affinity-purified against the peptide antigen covalently coupled to a
SulphoLink® Coupling Gel column, (Pierce and Warriner Chem. Co., Rockford, IL). The
SulphoLink® matrix contained a 12 atom spacer arm with iodoacetyl moieties for efficient
conjugation to the small amino-terminal peptide via it’s cysteine terminus, (Figure 3.3B). A
4 ml SulphoLink® Coupling Gel column which was conjugated to 4 mg of synthetic
amino-terminal GLUT4 peptide (IGSEDGEPPQQC) was prepared by following the
manufacturers instructions, (Pierce Chemical Company, 2000). The SulphoLink column
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was washed with PBS and the column drained until the buffer was just 5 mm above the 
column. A volume of 8 ml of serum 255 (second bleed) was added to the column followed 
by recircluation overnight at 4 °C with a peristaltic pump. The flow-through was then 
collected and excess unbound serum was removed with washes of 40 ml of PBS. Bound 
antibody was eluted with 12 ml of 3.5 M sodium thiocyanate in 10 mM phosphate, pH 7.2 
buffer. The elutant was extensively dialysed overnight against PBS at 4 °C and then 











Figure 3.3. Schematic representation of the immobilsation of the amino-
terminal GLUT4 peptide onto the Reactigel-6X or SulphoLink® Coupling
Gel. (A) shows the amino-terminal GLUT4 peptide chain (R2) immobilsation mechanism with 
the Reactigel-6X. (B) denotes the 12-atom spacer arm linked to the resin and the iodoacetyl 
moitiy (R l). The immobilisation o f  the peptide to the resin occurs at pH 8.5, where there are free 
sulphydryl groups on the amino acid cysteine.
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The concentration of the purified antibody was estimated at 238 pg of antibody/ml serum 
by the BCA protein assay, (Section 2.2.1). The antibody was stored in 30% (w/v) glycerol 
containing 0.02% sodium azide at -20 °C. The antigen binding activity of the purified 
amino-terminal GLUT4 antibody was compared to the original 255 serum, re-circulated 
serum and the PBS wash by Western blotting, (Figure 3.4). The purification led to a 
reduction in background on the Western blot produced by the amino-terminal GLUT4 
antibody, (compare original serum to purified, Figure 3.4). The non-specific band which 
was present in the original serum was absent when using the purified antibody (compare 
original serum to purified, Figure 3.4). In addition, there was a clear increase in antibody 
binding to insulin treated PM indicating specificity of the purified antibody for the GLUT4 
isoform, (compare PM B and PM I, Figures 3.2 and 3.4). There was negligible loss of 
activity of the antibody through purification. To directly compare antigen-antibody binding 
a Western blot analysis with the purified and non-purified amino-terminal antibody and 
carboxyl-terminal antibody were carried out on PM, LDM and cytosolic fractions of basal 
rat adipose cells, (Figure 3.5). GLUT4 is known to be absent in the cytosolic fraction of rat 
adipocytes (Simpson et al., 1983). Both the purified amino-terminal and carboxyl-terminal 
GLUT4 antibodies did not detect GLUT4 in the cytosolic fraction. However, the unpurified 
amino-terminal GLUT4 antibody reacted non-specifically with proteins in the cytosol. 
Thus the serum had been successfully purified from contaminants.
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Figure 3.4: Im munoaffinity purification o f the amino-terminal GLUT4 antibody.
The amino-terminal GLUT4 antibody was purified on a SulfoLink column. The purity was tested by analysis o f  the ability o f  elutant, 
original serum, recirculated serum and PBS washes to detect GLUT4 using Western blot techniques o f  rat adipocyte subfractions. 20 
pg o f  PM or 10 fig o f  LDM from basal or insulin treated rat adipocytes were used. All probes were diluted to a concentration o f  
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Figure 3.5: Detection o f rat adipocyte GLUT4 using the purified amino-terminal GLUT4 antibody com pared and the serum and 
carboxyl-terminal GLUT4 antibody.
50 pg PM, 20 pg LDM and 100 pg cytosolic fractions from rat adipocytes were run down a 10% SDS-PAGE gel, transferred to 
nitrocellulose and Western blotted for GLUT4. The antibodies used were (A) unpurified amino-terminal GLUT4, (B) purified amino- 
terminal GLUT4, and (C) carboxyl-terminal GLUT4. Amino-terminal antibodies were used at a working dilution o f  1:1000 in 1% (w/v) BSA  
TBS-Tween and 1:4000 for the carboxyl-terminal antibody.
3.3 Antigen Binding Activity of GLUT4 Antibodies
The antigen binding activity of the purified amino-terminal GLUT4 antibody was 
compared to that of the polyclonal carboxyl-terminal GLUT4 antibody (Holman et al.,
1990) and monoclonal carboxyl-terminal (IF8) GLUT4 antibody (James and Pilch, 1988), 
(see Figure 3.6). The polyclonal carboxyl-terminal GLUT4 antibody demonstrated greater 
binding to GLUT4 than both the polyclonal amino-terminal GLUT4 and 1F8 antibodies, 
(Figure 3.6i). It must be noted that the carboxyl-terminal GLUT4 antibody was used at a 4- 
fold lower dilution than the 1F8 and amino-terminal GLUT4 antibodies. Both the carboxyl- 
terminal GLUT4 antibodies overall had higher binding affinity for GLUT4 (in both basal 
and insulin-stimulated cells) than the amino-terminal antibody. Interestingly, a comparison 
of the density counts from the binding of the antibodies to GLUT4 on western blots reveal 
that both the carboxyl-terminal GLUT4 antibodies detected 2-fold more GLUT4 in basal 
cells than in insulin-stimulated cells. The amino-terminal antibody revealed a 17-fold 
difference between GLUT4 in basal cells than in insulin-stimulated cells (Figure 3.6ii)
The Western blotting conditions were manipulated in order to enhance the binding affinity 
of the amino-terminal GLUT4 antibody to its antigen. Batleiger has shown that Tween-20 
may be used as a blocking agent in the immunological detection of proteins transferred to 
nitrocellulose membranes (Batleiger et al., 1982). However, some antibodies have weak 
binding capacities to their antigens, which can be further reduced by the presence of 
denaturants such as detergents (Tween-20). The detergent Tween-20 was omitted from the 
incubation and wash buffers of the immunoblotting, (Figure 3.7, lanes 1-3) and various 
concentrations of the primary and secondary antibody were used to optimise blotting 
conditions. The omission of Tween-20 produced greater background staining on the 
Western blots (Figure 3.7, lanes 1, and 2) and showed little improvement in the ability of 
the antibody to bind to its antigen. The conditions used in lane 6 were maintained for 
further Western blot analysis of GLUT4 using the amino-terminal antibody.
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Figure 3.6: Comparison of GLUT4 detection using the amino- 
terminal and the carboxyl-terminal GLUT4 antibodies.
A 1:1000 dilution o f  the affinity purified amino terminal antibody in 
TBS-Tween was used to detect for GLUT4 in 10 pg o f  LDM basal 
(LDM  B) or insulin-treated rat adipocytes (LDM  I) by Western 
blotting (Fig 3.6i). Other antibodies used for GLUT4 detection were 
the monoclonal 1F8 antibody (1:1000) and the carboxyl terminal 
antibody (1:4000) in 1% (w/v) BSA TBS-Tween. Measurement o f  
the amount o f  GLUT4 detected by each antibody was carried out by 
density measurements using Molecular Analyst and data was 
plotted graphically with Prism graphPad sotware, (Figure 3.6ii). 
The Western blot and its density analysis shown above are 
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Figure 3.7: Optimisation o f W estern blotting conditions for the 
amino-terminal affinity purified GLUT4 antibody.
The detection o f  GLUT4 in 10 pg o f  Basal Rat Adipocyte LDM was 
caried outusing the affinity purified amino-terminal GLUT4 antibody 
under the conditions given below. Western Blotting was carried out in 
the absence ( lanes 1, 2 and 3) or presence ( lanes 4, 5 and 6) o f  0.1% 
Tween. The Western blot shown above is representative o f  two 























3.4 Immunofluorescence Microscopy using GLUT4 Antibodies
Several groups have employed immunofluorescence microscopy to detect for GLUT4. The 
technique reveals high resolution three-dimensional distribution of whole-cell 
immunostaining.
Dual labelling of GLUT4 with the amino-terminal GLUT4 antibody and monoclonal 1F8 
GLUT4 antibody were used in whole cell rat adipocytes, as described by Malide and 
colleagues (Malide et a l , 1997a). Representative pictures of the labelled cells are given in 
Figure 3.8. The fluorochrome secondary antibodies for the monoclonal 1F8 and polyclonal 
amino-terminal GLUT4 antibody were rhodamine (red) and fluoresceine (green), 
respectively. The images in Figure 3.8 show that the rat white adipose tissue is around 80 
pm in diameter containing lipid. The thin cytoplasmic rim of approximately 1 pm 
surrounds the cells. In the absence of insulin, (Figure 3.8A) GLUT4 is found to be 
completely intracellular and juxtaposed to the nuclear region. In the presence of insulin, 
there is a large increase in staining at the cell surface (Figure 3.8B). The staining was also 
more prominent at the nucleus (Figure 3.8C). The yellow staining shows that both the 
amino-terminal GLUT4 antibody and the 1F8 are detecting the same GLUT4. As controls 
the primary antibodies were omitted from the staining. No visible staining was produced 
under these conditions. The staining of GLUT4 was more prominent with the 1F8 than the 
amino-terminal GLUT4 antibody. It must be noted that although the two antibodies 
(amino-terminal and 1F8) detect different antigens, the amino- and carboxyl- termini of 
GLUT4 may be in close proximity to each other and thus, the binding of one antibody 
would sterically hinder the binding of the subsequent antibody (Griffiths, 1993). To test the 
intensity of the staining in double-labelling experiments, the sequence of addition of the 
primary antibodies were reversed. This had no effect on the staining of GLUT4 with the 
amino-terminal GLUT4 antibody. It was noted that there was a large increase in total 1F8 
staining in insulin-stimulated cells compared to basal cells whereas the amount of amino- 
terminal GLUT4 staining was consistent. The distribution of signal from the amino- 
terminal and IF8 GLUT4 antibodies moved from the perinuclear area to the cell surface 
after insulin-stimulation.
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Figure 3.8: Detection o f GLUT4 in intact rat adipocytes by dual 
labelling with amino- and carboxyl-terminal (1F8) GLUT4 
antibodies.
Basal (A) and Insulin-stimulated (B-C) rat adipocytes were used to label 
GLUT4 with 5 pg/ml o f  1F8, followed by an incubation o f  5 pg/ml o f  
anti-amino-terminal GLUT4 purified antibody. Rhodamine (red) and 
FITC (green) secondary antibodies were used to detect for the 1F8 and 
amino-terminal antibodies, respectively. Figure (B) represents the cell 
surface and figure (C) the nucleus. Bar Length: 20 pm. The pictures 
shown above are representative o f  two separate repetitions o f  this 
experiment.
3.5 Discussion
A novel polyclonal GLUT4 antibody raised against the amino-terminal GLUT4 peptide, 
IGSEDGEPPQQC has been purified and characterised. Purification of the antibody was 
carried out using a SulphoLink® Coupling Gel column and characterised by the means of 
Western blotting and Confocal Microscopy. The pattern of labelling of blots of GLUT4 
found with the antisera raised against the amino-terminal of GLUT4 closely resembled 
patterns previously found using the polyclonal carboxyl-terminal GLUT4 antibody and the 
monoclonal IF8 antibody. Purification of the amino-terminal GLUT4 antibody abolished 
the cross-reactivity of the serum with other proteins found in the cytosolic fraction of rat 
adipocytes
In comparison to the polyclonal carboxyl-terminal GLUT4 antibody and the monoclonal 
1F8 antibody, the amino-terminal antibody did not bind as strongly to GLUT4. The ability 
of the amino-terminal antibody to bind to GLUT4 may be related to the length of the 
peptide it was raised against and possible masking of epitopes within the GLUT4 protein. It 
was established that the presence of detergent (0.1% (w/v) Tween-20) was necessary to 
produce clean Western blots of GLUT4 using the amino-terminal GLUT4 antibody and that 
the detergent did not reduce the binding of antibody to antigen. The significantly low signal 
for GLUT4 detection by the amino-terminal antibody in comparison to the other GLUT4 
antibodies may be due to length of intracellular loop and the length of peptide. It was 
hypothesised that the length of the GLUT4 terminus may play a part in the accessibility of 
antibodies to their antigens. The intracellular amino-terminal section of GLUT4 has 24 
amino acids, whilst the carboxyl-terminal intracellular loop is approximately twice as long, 
(43 amino acids). It is therefore argued that the amino-terminal GLUT4 antibody cannot 
detect GLUT4 at a high intensity because of the shortness of the antigen. To date there has 
been no crystal structure of any member of the glucose transporter family, which could 
support this hypothesis.
Experiments were conducted in order to establish if insulin induced unmasking of the 
carboxyl-terminus of GLUT4 (Smith et a l, 1991). The purified polyclonal amino-terminal 
GLUT4 antibody and the monoclonal 1F8 were used to detect GLUT4 in insulin-stimulated
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and basal rat adipocytes by confocal microscopy. The two antibodies were simultaneously 
used and the total labelling of GLUT4 by the antibodies were recorded. The antibody 
signals were highly co-localised in both basal and insulin-stimulated rat adipocytes. The 
strong labelling around the nuclear area decreased and cell surface labelling increased in 
the presence of insulin-stimulated cells. It was observed that the 1F8 antibody appeared to 
detect more total GLUT4 on the cell surface in the insulin state than the basal state in the 
rat adipocytes. Published results of immunoelectron microscopic studies using the 1F8 and 
a carboxyl-terminal antibody (raised against the peptide CVKPSTELEYLGPDEND) on rat 
adipocytes also revealed a similar increase in GLUT4 detection (Smith et a l , 1991). The 
results suggest that the intracellular carboxyl-terminal epitope may be masked under basal 
conditions. The masking may result from difference in the conformation of the carboxyl- 
terminus of the transporter protein or lipid surrounding the transporter. However, there is 
some controversy in the literature concerning the masking of carboxyl-terminal epitopes in 
insulin-regulated tissues (Malide et al., 2000; Ploug et al., 1998; Wang et al, 1996).
Malide and colleagues used immunoelectron microscopic to study GLUT4 compartments 
in isolated rat white adipose cells. The total number of GLUT4 carboxyl-terminal epitopes 
detected by the immuno-gold method was shown not to be significantly different between 
basal and insulin-stimulated cells (Malide et al., 2000). The measurement of binding of 
different GLUT4 antibodies to GLUT4 have also been analysed in other insulin-stimulated
p r
tissues (Ploug et al., 1998). Ploug used a I-labeled secondary antibody. Single fibers 
were labeled with either the carboxyl-terminal GLUT4 antibody or with an amino-terminal 
GLUT4 antibody or with caveolin-3. The latter antibody was used as an independent 
marker of the muscle cell surface to correct for differences in fiber and sarcomere length. 
The number of carboxyl-terminal and amino-terminal GLUT4 epitopes accessible to 
antibody binding was unaffected by stimulation with either insulin, muscle contractions or 
both stimuli combined. Their results do not support the concept of GLUT4 epitope 
masking.
Detecting of proteins by immunofluorescence carries its limitations. The rat adipose cells 
are comprised of a thin cytoplasmic rim surrounding a large lipid droplet. This limits the 
resolution. This combined with poor labelling efficiencies of antibodies compromises 
quantitative assignment of GLUT4 carrying membranes.
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Conclusions
In conclusion the purification of the amino-terminal GLUT4 antibody has been successful. 
The amino-terminal GLUT4 antibody has been shown to be specific for GLUT4 in Western 
blot analysis. However, immunofluorescence studies using the amino-terminal GLUT4 
show that this technique may be limiting in detecting the precise location and quantity of 
GLUT4 vesicles in rat adipose cells. Recently, a novel morphological approach for 
studying the distribution of GLUT4 in isolated rat adipocytes has been developed by Ramm 
and co-workers (Ramm et al., 2000). The method preserves 3-D information of GLUT4 
compartments and at the same time results in efficient immunogold labelling. It would be 
of interest to use this technique to further quantify GLUT4 labelling with different markers.
78
4.0 Novel Photoaffinitv Labels for Tagging GLUT4
4.1 Labelling of GLUT4 with Membrane-Impermeant Glucose Analogues
The development of a series of bis-hexoses developed by Midgley was followed by the 
synthesis of ATB-BMPA which is a membrane-impermeant photoaffinity label (Holman et 
al., 1985; Midgley et al., 1985a). This has proved valuable in defining quantitative data for 
glucose transporter levels at cell surfaces (Clark et al., 1990). Subsequently, a series of 
biotinylated compounds have been synthesised to replace the tritiated ATB-BMPA form. 
This has provided a safer means, and more effective way, of tracking glucose transporters 
(Koumanov et al., 1998). This chapter describes a range of new compounds, Bio-LC-ATB- 
BGPA, Bio-SS-ATB-BGPA and Bio-LC-G15 that have been used to label glucose 
transporters and which have been developed in the Holman Laboratory. The biological 
properties of the three novel compounds were assessed in comparison to the characterised 
labels, Bio-ATB-BMPA and Bio-LC-ATB-BMPA. The chemical structures of the 
photolabels are shown in Figure 4.1. All labels contained a photolabile ATB group and a 
biotin group used in the macromolecule (the tagged glucose transporter) detection system. 
The chapter describes the experiments used to address the following questions:
• Does the replacement of the bis-mannose hexose derivative with the bis-glucose analog 
or with mono-glucose alter the affinity of the label for glucose transporters?
• Does the increase in linker length between the photoreactive diazirine group and the 
biotin groups alter the affinity of the label for glucose transporters?
• Is the biotin detectable in intact cells?
• Will the introduction of a cleavable disulphide (SS) in the spacer between the biotin and 







Figure 4.1: Chemical Structure of Photoaffinity Labels for Glucose Transporters.
The chemical structure o f the three novel labels, Bio-LC-ATB-BGPA, Bio-LC-ATB-BGPA and Bio-LC-G15 are 
shown. The compounds Bio-ATB-BMPA and Bio-LC-ATB-BMPA are also shown. The bis-mannose in the BMPA 
compound was substituted by a bis-mannose unit to produce the Bio-LC-ATB-BGPA label. A disulphide bond was 
placed in the long-chain in the Bio-LC-ATB-BGPA to give the label Bio-SS-LC-ATB-BGPA.
4.2 Affinity of Photolabels for the Glucose Transporter
The affinities of the interaction between the labels and GLUT4 were determined by using 
the labels as competitive inhibitors of 2-deoxy-D-glucose uptake into insulin-stimulated rat 
adipocytes, (Section 2.5.1). The half-maximal inhibition constants of the compounds (Ki 
values) are given in pM, (Table 4.1 and Figure 4.2).
Table 4.1: Half-Maximal Inhibition of Photoaffinity Labels
The Ki values were tabulated from the indicated number of experiments (n) for each 
compound, each with transport rates from at least 5 concentrations of inhibitor determined 
in triplicate. The spacer atom length was taken as the number of atoms between the carbon 
of the diazirine group and the carboxylate of the biotin group.
Compound Spacer atom length Ki (pM) n Reference
Bio-ATB-BMPA none 247 3 Holman et al., 1990
Bio-LC-ATB-BMPA 21 273 3 Koumanov et al., 
1998
Bio-LC-ATB-BMPA 21 299* 1 This Study









Bio-LC-G15 63 484* 1 This Study
* Similar Ki values were obtained in experiments performed by other members of the Holman laboratory.
The affinities of the labels were estimated from their competition with the 2-deoxy-D- 
glucose for glucose transporters exofacial binding sites (Section 2.5.1). The rate constants 
for uptake in the presence (V) and absence (Vo) of inhibitor (I) were then used to calculate 
the half-maximal inhibition constants for photolabels (Ki) (Baker et al., 1973) according to 
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Figure 4.2: Estimation of the affinity of photolabels for glucose transport in rat adipocytes.
The half maximal inhibition 9Ki) o f the photolbales are given in pM (Section 2.5.1). Each point on the graph are 
from triplicate samples.
4.2.1 Affinity of the Bis-Glucose Labels for GLUT4
The Ki of the Bio-LC-ATB-BGPA and the Bio-SS-ATB-BGPA for the GLUT4 in rat 
adipose cells was found to be lower (~1.5-fold and 2-fold respectively) than the original 
compounds, Bio-ATB-BMPA and its long-chain derivative, Bio-LC-ATB-BMPA. (see 
Table 4.1 and Figure 4.2, pages 81-82). The increase in affinity for the BGPA compounds 
was attributed to the substitution of glucose for the mannose units in the BMPA 
compounds. It is known that GLUT4, as well as the other glucose transporters have 
stereoselectivity for their substrates. The structure of D-glucose and D-mannose (the 
glucose transporter substrates) are given in Figure 4.3, below. The spatial requirements for 
glucose transporter substrate sugars have been analysed by substituting alkyl groups for the 
hydroxyl units. It has been shown by Holman and colleagues that the C-l and C-3 positions 
of the substrate sugar form important hydrogen binding sites with the transporter (Holman 
et al., 1981). The C-4 and C-6 positions have less crucial hydrogen binding sites than the 
C-l and C-3 positions in the adipocyte system (Rees et al., 1981). In addition, a bulky 
group at C-2 is not accepted, causing a decrease in affinity of the substrate for GLUT4 
(Barnett et al., 1973; Holman et al., 1981). It has been established that the C-l faces inside 
whilst the C-4 faces outside solution when the sugar approaches the transporter from the 
external face (Holman et al., 1981). The C-l is recognised first, following with the C-4/C-6 
sites. The recognition is reversed when the sugar approaches the endofacial site of the 
transporter. In this study the C-2 epimer of D-glucose, (D-mannose) has a lower affinity for 
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Figure 4.3: Structure of D-glucose and D-mannose. The structures show the hydroxyl 
units above and below the pyranose ring. Carbon-numbering is given in blue.
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4.2.2 Demonstration that the Mono-Glucose Label has Affinity for GLUT4
The Ki of the mono-hexose label, Bio-LC-G15 was ~2-fold higher than that determined for 
the bis-hexose labels. The decrease in affinity of the label for GLUT4 could be due to the 
loss of hydrophilicity in its structure. Parkar and colleagues examined a series of bis (D- 
mannose) compounds for their affinity for GLUT4 in rat adipocytes. The group found that 
the introduction of a second mannose unit, increased the affinity of their compounds by 2- 
fold and increased the solubility of the compounds in aqueous buffers (Parkar et al., 1985). 
The bis-hexose unit has been postulated to increase the hydrophilicity of the labels 
compared with the mono-hexose compounds. The single mannose is thought not to balance 
out the hydrophobicity of the aryl-trifluoroethylazi group in the label. Also, the presence of 
two sugars increases the statistical chance of binding by 2-fold. It should be noted that the 
spacer atom length of the Bio-LC-G15 is considerably longer than that of the Bio-LC- 
ATB-BMPA, (Table 4.1). In comparison to similar mono-hexose labels with different 
length spacer atom lengths (30-72), it was shown that the very long spacer arm of the Bio- 
LC-G15 did not markedly alter the affinity (Hashimoto et al., 2001a). Similarly, the Ki 
value for the Bio-ATB-BMPA was not altered significantly when a long-chain (LC) linker 
was placed within the compound, to give the Bio-LC-ATB-BMPA label.
4.2.3 Western Blot Analysis of Tagged GLUT4 using Novel Photoaffinity Labels.
Initial experiments were carried out to test the three novel photoaffinity labels for their 
reactivity with GLUT4 in rat adipocytes, (Figure 4.4). Basal or insulin-stimulated rat 
adipose cells were photolabelled with 200 pM of label. Samples were processed for 
analysis of biotin-tagging by streptavidin precipitation. The levels of biotinylated GLUT4 
that were precipitated were analysed by Western blotting, using the polyclonal carboxyl- 
terminal GLUT4 antibody (Figure 4.4i). Band density was quantified using density 
scanning software, (Section 2.2.6). An insulin-dependent increase of cell surface GLUT4 
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Figure 4.4: Comparison o f GLUT4 cell surface labelling in rat 
adipocytes with three novel glucose transporter photoaffinity  
labels.
200 fiM o f  label was used on either 500 jil basal or insulin stimulated 
rat adipocytes (40 % cytocrit), (Section 2.5.2). Irradiation was for 1 
min under 350 nm lamps. Cells were washed and lysates were 
precipitated overnight with streptavidin beads. The precipitates were 
washed and processed for cell surface GLUT4 labelling, (Section 
2.5.3) . The elutants were run on a 10% SDS-PAGE g e l , transferred 
to nitrocelluose and Western blotted for GLUT4, (Figure 4.4i). 
Measurement o f  the biotinylated GLUT4 was carried out by density 
measurements using Molecular Analyst and data was plotted 
graphically with Prism graphPad sotware, (Figure 4.4ii). The Western 
blot and density analysis shown above is representative o f  two 
separate repetitions o f  this experiment.
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The cell surface GLUT4 labelling produced by use of Bio-LC-ATB-BGPA, Bio-SS-ATB- 
BGPA and Bio-LC-G15 were found to increase by 4-fold, 2-fold and 2-fold, respectively in 
insulin-stimulated cells compared to basal cells, (Figure 4.4ii). These results indicated that 
all three labels had successfully tagged GLUT4, but the levels of basal labelling were 
higher than expected. However, the conditions for labelling may not have been optimal.
4.3 Cell Surface Labelling of Bio-LC-ATB-BGPA
4.3.1 Labelling of Bio-LC-ATB-BGPA compared to Bio-LC-ATB-BMPA
The cell surface labelling of GLUT4 in rat adipocytes with the novel Bio-LC-ATB-BGPA 
label was compared to Bio-LC-ATB-BMPA, (Figure 4.5, page 87). Identical concentrations 
of 200 pM of label were used tag GLUT4 in 500 pi of rat adipocytes (40% cytocrit). There 
was an increase in cell-surface GLUT4 labelling in insulin-stimulated rat adipocytes in 
comparison with basal cells, (~2-fold). In addition the density and pattern of the novel label 
was similar to the Bio-LC-ATB-BMPA.
Past experiments for labelling GLUT4 have used high concentrations (~500 pM) of the 
compound Bio-LC-ATB-BMPA. The high concentration of label limited the number of 
experiments that could be carried out. Investigations were carried out in order to decrease 
the concentration of the Bio-LC-ATB-BGPA and to optimise the labelling technique, 
(Figure 4.6, page 88). The cells were efficiently labelled for GLUT4 using 200 pM of the 
tag in 250 pi of cell volume.
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Figure 4.5: Detection of cell surface GLUT4 labelling on rat adipocytes with  
the photolabels, Bio-LC-ATB-BM PA and Bio-LC-ATB-BGPA.
200 pM o f  the labels were used to detect glucose transporters in insulin stimulated 
(I) and non-insulin stimulated (B) rat adipocytes (40% cytocrit). Irradiation was 
for 1 min under 350 nm lamps. Cells were washed and lysates were precipitated 
overnight with 50 pi o f  a 50% slurry o f  streptavidin agarose beads. The 
precipitates were washed as described in Section 2.5.3 and photolabelled glucose 
transporters were eluted from the beads in sample buffer. The elutants were run on 
a 10% SDS-PAGE gel , transferred to nitrocelluose and Western blotted for 
GLUT4, (Figure 4.5i) Measurement o f  the biotinylated GLUT4 was carried out by 
density measurements using Molecular Analyst and data was plotted graphically 
with Prism graphPad sotware, (Figure 4.5ii). The Western blot and its density 
analysis shown above are representative o f  two separate repetitions o f  this 
experiment.
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Mgure 4.t>: uptim isation ol tfie labelling of cell surface iiL.U'i'4 using tlie bis- 
glucose photolabel Bio-LC-ATB-BGPA.
200 |o.M ( ■ )  or 100 |iM ( ) o f  label was used to biotinylate GLUT4 in insulin 
stimulated (I) and basal (B) rat adipocytes (40% cytocrit). The volume o f the cells 
used were either 500 pi or 250 p i . Irradiation was for 1 min under 350 nm lamps. 
Cells were washed and lysates were precipitated overnight against 50 pi o f  a 50% 
slurry o f  streptavidin agarose beads. The precipitates were washed as described in 
Section 2.5.3 and the photolabelled GLUT4 were eluted from the beads in sample 
buffer. The elutants were run on a 10% SDS-PAGE gel, transferred to 
nitrocellulose and Western blotted for GLUT4, (Figure 4.6i). Data was analysed 
and plotted graphically, (Figure 4.6ii). The Western blot and its density analysis 
shown above are representative o f  two separate repetitions o f  this experiment.
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Figure 4.7: Estimation o f biotinylated cell surface GLUT4 labelling 
with Bio-LC-ATB-BGPA.
A series o f  concentrations (0-400 pM) o f  the Bio-LC-ATB-BGPA label 
were used to biotinylate glucose tranporters in 250 pi o f  insulin stimulated 
rat adipocytes (40% cytocrit). Irradiation was for 1 min under 350 nm 
lamps. Cells were washed and lysates were precipitated overnight with 
streptavidin agarose beads. The precipitates were washed and processed for 
cell surface GLUT4 labelling, Section 2.5.3. Amounts o f  GLUT4 labelling 
were calculated by construction o f  a standard curve o f  pmoles GLUT4 in 
basal LDM.
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The amount of Bio-LC-ATB-BGPA label required for maximal labelling of cell surface 
GLUT4 was analysed, (Figure 4.7, page 89). The Western blot signals of biotinylated 
GLUT4 obtained from rat adipocytes tagged with the label at various concentrations of 0- 
400 pM are shown in Figure 4.7i. The pmoles of biotinylated GLUT4 were estimated by 
comparison with a GLUT4 standard curve. The pmoles of GLUT4 in these LDM samples 
were converted to density counts. To reach maximal cell-surface GLUT4 binding, 
approximately 200 pM of Bio-LC-ATB-BGPA label was needed, (Figure 4.7ii).
4.3.2 Applications for the Bis-Glucose Labels
Previous studies have shown that the use of tagged proteins with cleavable-linkers can 
provide an effective means of measuring protein endocytosis (Garza and Bimbaum, 2000). 
Garza and Bimbaum were able to measure endocytosis of biotinylated IRAP in 3T3-L1 
adipocytes. They used a disulphide cleavable linker, sulfo-NHS-SS-biotin to label the 
IRAP at 0-4 °C. Internalisation of biotinylated IRAP was followed at 37°C. Tagged IRAP 
at the cell surface was cleaved from the biotin group with the use of glutathione that 
reduced the di sulphide bond. The biotin on internalised IRAP remained intact under these 
conditions and therefore time courses for internalisation could be followed. The Bio-LC- 
ATB-BGPA label was synthesised with a cleavable disulphide unit, SS. The Bio-SS-ATB- 
BGPA label was synthesised for its potential use in providing a means of measuring 
GLUT4 endocytosis, similar to the method employed for the biotinylated IRAP. Before the 
cleavable label could be used in trafficking studies, the compounds disulphide cleavable 
properties were first examined.
Two disulphide reducing agents, glutathione and 2-mercaptoethanesulfonic acid sodium 
salt, (MESNa) were tested against the cleavable label, Bio-SS-ATB-BGPA to establish 
whether the label could be used for GLUT4 trafficking studies, (Figure 4.8, page 92). Both 
the glutathione and MESNa are impermeant reagents with the ability to reduce the 
disulphide bond joining the biotin moiety to the protein binding diazirine group. GLUT4 in 
insulin-stimulated rat adipocytes was photolabelled with the Bio-SS-ATB-BGPA at 18 °C 
in 1% (w/v) BSA/KRH. The cells were then washed to remove excess label at 10 °C in 1% 
(w/v) BSA/KRH. The adipocytes were washed at a low temperature, (10°C) as this is
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known to reduce internalisation (Ezaki et al., 1982). As the translocation is slowed, the 
tagged glucose transporters remain at the cell surface during the cleavage of the disulphide 
bond. The disulphide reducing reagents were added to the cells at a concentration of 10 
mM in 1% (w/v) BSA/KRH, whilst the control samples were either immediately 
solubilised or incubated with 10 mM glycine in 1% (w/v) BSA/KRH. The reducing 
reagents did not produce an effective reduction in the amount of cell-surface tagged 
GLUT4 when compared to the controls, (Figure 4.8). One explanation for the lack of 
reduction in disulphide bond cleavage was thought to be due to the harsh conditions in 
which the cells were incubated. The reduction of the disulphide bonds was carried out at 10 
°C. It was thought that the low incubation temperature at which the rat adipocytes were 
incubated could have reduced the viability of the cells and consequently the final analysis 
of biotinylated GLUT4.
The exposure of adipocytes to a low temperature is known to mimic insulin in that it 
induces a large net translocation of glucose transporters (Ezaki et al., 1982). However, it 
has been shown that at 18°C, there was no loss of cell surface glucose transporter activity 
even after 40-60 min (Holman et al., 1990). The published data suggests that it is possible 
to use low incubation temperatures to keep GLUT4 at the cell surface so that reduction of 
the disulphide bonds can be carried out. However, it was postulated that the low 
temperature may decrease the viability of the cells and thus reduce any effects from the 
disulphide cleavage reagents on biotinylated GLUT4. Experiments were carried out to 
detect surface biotinylated GLUT4 before and after the cells were incubated at 10°C, 
(Figures 4.9i and 4.9ii, page 93). As a control the non-cleavable Bio-LC-ATB-BGPA label 
was also used. The 10 °C buffer reduced detection of biotinylated GLUT4 by 1.2 fold and 
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Figure 4.8: The effect o f disulphide reducing agents on the cell 
surface GLUT4 labelling o f rat adipocytes with the Bio-SS-LC- 
ATB-BGPA photolabel.
150 pM o f the Bio-SS-ATB-BGPA label was used to tag glucose 
transporters on insulin stimulated rat adipocytes (40% cytocrit). 
Irradiation was for 1 min under 350 nm lamps at 18°C. Cells were then 
washed in 1% BSA/KRH and incubated at 10°C for 2 x 15 minutes in 
disulphide cleavage buffer shown above. Control samples contained 10 
mM glycine or were immediately washed in 0.05 % BSA/KRH before 
solubilising in 2% Thesit PBS. All lysates were precipitated overnight 
with 50 pi o f  50% slurry o f  streptavidin agarose beads and 
biotinylated GLUT4 was detected as described in Section 2.5.3. The 
Western blot o f  GLUT4 in samples is given in Figure 4.8i and the 
amount o f  GLUT4 in density counts for each sample in Figure 4.8ii. 
The bands quantified are shown with an arrow. 10 mM DTT was used 
in the sample buffer. The Western blot and its density analysis shown 
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Figure 4.9: The effect o f tem perature on the labelling o f GLUT4 on rat 
adipocytes with Bio-SS-ATB-BGPA and Bio-LC-ATB-BGPA.
150 pM o f  the Bio-SS-ATB-BGPA lab el, (denoted SS) or the Bio-LC-ATB- 
BGPA label, (denoted LC) was used to photolabel glucose transporters in 
insulin stimulated rat adipocytes (40% cytocrit). Irradiation was for 1 min 
under mixed light conditions at 18°C. Cells were then washed in 1% 
BSA/KRH and either incubated at 10°C for 30 min or washed in 0.05% 
BSA/KRH at 18°C and immediately solubilised. All samples were 
precipitated with streptavidin agarose beads, eluted and run down SDS gels 
in the presence o f  lOmM DTT. The levels o f  GLUT4 were tested by Western 
blotting, (Figure 4.9i). Densometric analysis was carried out to quantify 
levels o f  GLUT4 labelled at the cell surface, (Figure 4.9ii). The Western blot 
and its density analysis shown above are representative o f  two separate 
repetitions o f  this experiment.
Normal GLUT4 photolabelling techniques involve the use of DTT in the final stages of 
SDS-gel analysis. The GLUT4 in rat adipose cells is photolabelled and precipitated using 
streptavidin agarose beads. Samples are then eluted from the beads in the presence of 
sample buffer at 95 °C before they are run down SDS-PAGE gels in the presence of DTT. 
It was thought that the presence of the disulphide reducing reagent, DTT would effect the 
detection of biotinylated GLUT4 when using the disulphide cleavable compound, Bio-SS- 
ATB-BGPA. Insulin-stimulated cells were tagged with Bio-LC-ATB-BGPA or with the 
cleavable label and then solubilised and precipitated against streptavidin agarose beads. 
Samples were then eluted and run down SDS-PAGE gels either with or without DTT. The 
gels were transferred to nitrocellulose and analysed for biotinylated GLUT4 by Western 
blotting, (Figure 4.10i, page 95). The GLUT4 blots were quantified for density counts, 
(Figure 4.10ii). With the DTT in the sample buffer, there was a decrease in the amount of 
biotinylated GLUT4 detected using the Bio-SS-ATB-BGPA tagged rat adipose cells in 
comparison to non-DTT treated samples, (~3.5-fold). There was no effect of the DTT on 
the levels of GLUT4 tagged with Bio-LC-ATB-BGPA.
The ineffective reduction of GLUT4 tagged with Bio-SS-ATB-BGPA in the presence of 
reducing agents added to intact cells led to other considerations. It was hypothesised that 
the cleavable label did not tag glucose transporters in rat adipocytes sufficiently for there to 
be any further reduction in the signal. The levels of biotinylated GLUT4 detected with the 
Bio-SS-ATB-BGPA label were less than the non-cleavable Bio-LC-ATB-BGPA label, 
(Figure 4.4). This result can be contrasted with the 2-deoxy-D-glucose transport inhibition 
studies that showed that the affinity of the cleavable label was higher than the non- 
cleavable label, (Table 4.1). The cell surface labelling of GLUT4 and GLUT1 in rat 
adipocytes and in red blood cell ghosts with the Bio-SS-ATB-BMPA compound was 
therefore analysed as previous studies by Dr. Hashimoto of this laboratory indicated good 
labelling of GLUT1 by this compound. The non-cleavable label produced a greater level of 
biotinylated glucose transporters in both the rat adipose cells and red blood cells in 
comparison to the cleavable label, (Figure 4.11, page 96). The cleavable label tagged more 
glucose transporters in the red blood cells than the rat adipocytes.
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Figure 4.10: Comparing the effect o f sample buffer with DTT on the 
detection o f labelling cell surface GLUT4 using the Bio-LC-ATB- 
BGPA and Bio-SS-ATB-BGPA to sample buffer without DTT.
150 (iM o f  the Bio-SS-ATB-BGPA label , (denoted SS) or the Bio-LC- 
ATB-BGPA label, (denoted LC) was used to photolabel glucose 
transporters in insulin stimulated rat adipocytes (40% cytocrit). Irradiation 
was for 1 min under 350 nm. Lysates were precipitated with streptavidin 
agarose beads, eluted and tested for GLUT4 levels by Western blotting, 
(Figure 4. lOi). Densometric analysis was carried out to quantify levels o f  
GLUT4 labelled at the cell surface, (Figure 4.10ii). The Western blot and 
its density analysis shown above are representative o f  two separate 
repetitions o f  this experiment.
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Figure 4.11: Comparison o f GLUT4 and GLUT1 surface labelling produced by 
the reaction with bis-glucose photolabels, Bio-SS-ATB-BGPA and Bio-LC- 
ATB-BGPA.
150 pM o f  either Bio-SS-ATB-BGPA label (denoted SS) or Bio-LC-ATB- 
BGPAlabel (denoted LC) were used to tag glucose transporters in 500 pi o f  insulin 
stimulated rat adipocytes (40 % cytocrit) or 50 pg o f  red blood cell ghosts. 
Photolabelling was carried out by irradiation under 350 nm lamps for 1 min. 
Biotinylated glucose transporters were detected by precipitation o f  the lysates with 
streptavidin agarose beads. The eluates from the beads were analysed for GLUT4 
and GLUT1 in the rat adipocyte and red blood cell ghost samples, respectively, 
(Figure 4.1 li). Data was analysed and plotted graphically, (Figure 4.1 lii). DTT was 
ommitted from all samples.
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4.4 Studies on Mono-Glucose Photolabels
4.4.1 Cell Surface Labelling
As the affinity of Bio-LC-G15 was lower than the bis-hexose compounds, it was 
considered necessary to determine the levels of the reagent required to saturate the surface 
GLUT4 binding sites. The amount of Bio-LC-G15 label needed for maximal labelling of 
cell surface GLUT4 was analysed, (Figure 4.12, page 98). An example of the Western blot 
of biotinylated GLUT4 obtained from rat adipocytes tagged with the label at various 
concentrations of 0-500 pM is shown in Figure 4.12i. The pmoles of biotinylated GLUT4 
that became tagged were estimated using a standard curve of pmoles GLUT4 in basal LDM 
samples versus density counts from the Western blots. To reach maximal cell-surface 
GLUT4 binding approximately 300 pM of Bio-LC-G15 was needed, (Figure 4.12ii).
It is known that avidin and biotin cross-link to form a strong bond. The binding between 
biotin and avidin is characterised by a dissociation constant of 10'15 M, (Green, 1975). It 
was thus postulated that avidin would be effective in masking cell-surface biotinylated 
GLUT4. In this laboratory it has been shown that the photolabels, Bio-LC-ATB-BMPA and 
Bio-LC-ATB-BGPA do not interact with avidin when added to intact cells (Hashimoto et 
al., 2001b). The Bio-LC-G15 label was synthesised with a long atom spacer arm (63-atom 
spacer arm) in order to allow the biotin group to interact with avidin molecules in intact rat 
adipocytes. There was a clear decrease in labelling of cell-surface GLUT4 with the Bio- 
LC-G15 label in the presence of avidin, (Figure 4.13, page 99).
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Figure 4.12: Estimation o f biotinylated cell surface GLUT4 labelling 
with Bio-LC-G15.
A series o f  concentrations (0-500 |iM) o f  Bio-LC-G15 label was used to 
biotinylate glucose tranporters in 250 p.1 o f  insulin stimulated rat adipocytes 
(40% cytocrit). Irradiation was for 1 min under 350 nm lamps. Cells were 
washed and lysates were precipitated overnight with streptavidin agarose 
beads. The precipitates were washed and processed for cell surface GLUT4 
labelling by Western blot analysis, (Figure 4.12i, Section 2.5.4.1) . The 
amount o f GLUT4 labelling (in pmoles) was calculated by construction o f  a 
standard curve o f  the amount o f  GLUT4 in basal LDM versus their density 
counts, (.Figure 4.12ii). The Western blot and shown above is representative 
o f  two separate repetitions o f  this experiment. Each point on the graph was 





Figure 4.13: Effect o f avidin on the detection o f cell-surface 
labelling o f GLUT4 using Bio-LC-G15.
500 pM o f  Bio-LC-G15 was used to label 500 pi o f  insulin 
stimulated rat adipocytes (40% cytocrit) to tag GLUT4. 
Irradiation was for 1 min using 350 nm lamps. 0.3 pM o f  avidin 
was then used to block the cell surface tagged transporters. Cells 
were washed and lysates were precipitated overnight against 50 
pi o f  a 50% slurry o f  streptavidin agarose beads. The beads were 
washed and eluted for biotinylated GLUT4, (Section 2.5.3). 
Biotinylated GLUT4 was detected by Western Blotting. The 
Western blot shown above is representative o f  two separate 
repetitions o f  this experiment.
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4.4.2 Applications of the Bio-LC-G15 Label
The set of biotinylated bis-hexose probes that included Bio-LC-ATB-BMPA and Bio-LC- 
ATB-BGPA were used for detection of GLUT4 in detergent solubilised extracts of labelled 
cells. However, these labels were not suitable for applications in intact cells (Hatanaka et 
al., 1994; Koumanov et al., 1998). As interaction of the biotin group in the Bio-LC-G15 
label with avidin was observed, (Section 4.4.1), the Bio-LC-G15 label was further 
employed to measure the rate of GLUT4 exocytosis and to detect glucose transporters in 
intact cells by confocal microscopy. The Bio-LC-G15 label was applied to experiments to 
measure GLUT4 exocytosis rates. The experimental is described in Section 2.5.2, page 55. 
The amount of biotinylated GLUT4 remaining in the cells was analysed as described in 
Section 2.5.3. The rate of tagged GLUT4 exocytosis was calculated from the following
equation: |Y=exp (-kx)| where x represented the time after insulin-stimulation, Y the fraction 
of internal tagged GLUT4 and k the rate constant for exocytosis. The rate for exocytosis 
was calculated to be 0.24 min'1 (that is a fraction 0.24 of total labelled GLUT4 reached the 
plasma membrane per min). The Western blot and graphical data are shown in Figure 4.14 . 
A means to detect GLUT4 in intact cells with photolabels using confocal microscopy was 
tested. The method involved the tagging of GLUT4 with the photolabel followed by 
detecting the photolabel with fluorescent antibodies, FITC-labelled avidin or FITC-labelled 
biotin antibodies, (Section 2.7.0). The Bio-LC-ATB-BGPA and Bio-LC-ATB-BMPA 
labels produced non-specific GLUT4 labelling. This high background labelling was 
possibly due to the interaction of the fluorescent biotin antibodies with cellular biotin. 
Likewise, the GLUT4 that was tagged with Bio-LC-G15 could not be detected using 
confocal microscopy of rat adipocytes. However, glucose transporters that had been tagged 
with Bio-LC-G15 have been detected by confocal microscopy in red blood cell ghosts 
(Hashimoto et al., 2001a). Hashimoto was able to abolish the glucose transporter labelling 
in the presence of avidin or by competition of the label with glucose. Several questions 
need to be addressed before the labels are used in intact rat adipocytes: Is the amount of 
endogenous biotin in rat adipocytes greater than in red blood cell ghosts? This would 
explain the high background fluorescence found in rat adipocytes by confocal microscopy. 
Would an increase in the length of the linker chain (LC) in Bio-LC-ATB-BGPA enable the 
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Figure 4.14 Rate o f Exocytosis o f Internalised GLUT4 tagged with 
Bio-LC-G15 label.
Rat adipocytes (40% cytocrit) were stimulated with 5 nM insulin for 20 
mins after which cell surface glucose transporters were tagged with 500 
pM Bio-LC-G15, (Section 2.5.2). Cells were then washed twice in MES 
buffer at 37°C and subsequently twice in 1% (w/v) BSA/KRH containing 
2 mM D-glucose at 37°C. Cells were left for 40 min to allow glucose 
transporter internalisation. Cells were then divided into 500 pi aliquots 
and stimulated with the addition o f  20 nM insulin for 0-20 min. 
Neutravidin at a final concentratiion o f  40 pg was added simultaneously 
with the insulin. Exocytosis o f  the glucose transporters were inhibited at 
the appropriate time points with the addtion o f  2 mM KCN. Samples were 
left for 2 min prior to the addition o f  500 pi o f  solubilisation buffer, 
{Section 2.5.3). Cells were processed for the quantification o f  tagged 
internalised GLUT4 Measurement o f  the biotinylated GLUT4 was 
carried out by density measurements using Molecular Analyst and data 
were plotted graphically with Prism graphPad sotware. Figure 4.14i is an 
example o f the Western blot obtained o f  biotinylated GLUT4 at the 
indicated time points. Figure 4.14ii is the relative amount o f  GLUT4 
found after 0-20 min o f  20 nM insulin stimulated exocytosis. The 
Western blot shown above is representative o f  two separate repetitions o f  
this experiment. Each point on the graph was carried out in triplicate.
4.5 Discussion
Many photoaffinity labelling reagents have been used for studying glucose transporter 
subcellular trafficking (Clark et al., 1990; Clark et al., 1991; Holman et al., 1990; Jhun et 
al., 1992; Koumanov et al., 1998; Satoh et al., 1993; Yang et al., 1992a; Yang and 
Holman, 1993). This chapter describes three novel glucose transporter photolabels, Bio- 
LC-G15, Bio-LC-ATB-BGPA, and Bio-SS-ATB-BGPA, that have been synthesised by 
G.D. Holman and M. Hashimoto (Hashimoto et al., 2001a; Hashimoto et al., 2001b). Initial 
experiments with the labels revealed that the amount of tagged GLUT4 at the cell surface 
of insulin-stimulated rat adipocytes, increased by approximately 2-4 fold in comparison to 
basal cells. In contrast, Clark and colleagues were able to produce a 15-fold increase of 
GLUT4 at the cell surface with a corresponding 30-fold increase in glucose uptake in 
adipocytes (Clark et al., 1991). One explanation for the small apparent increase of GLUT4 
at the cell surface in the study here may be that over-exposure of Western blots occurred. 
The polyclonal carboxyl-terminal GLUT4 antibody used to detect for the biotinylated 
GLUT4 has very high affinity for its antigen. Even a one second exposure of the antibody 
to the tagged antibody with ECL reagent to autoradiography film, produced over-exposure 
of the film, (Section 2.2.5).
The Bis-Glucose Affinity Labels
The biological properties of the labels, Bio-LC-ATB-BGPA and Bio-SS-ATB-BGPA and 
their ability to tag cell-surface GLUT4 on rat adipocytes were examined in detail. The two 
compounds were based on the design of the Bio-LC-ATB-BMPA label (Koumanov et al., 
1998). Experiments were carried out to test if the Bio-LC-ATB-BGPA had similar GLUT4 
labelling properties to the Bio-LC-ATB-BMPA label. Both labels produced similar patterns 
in Western blotting for cell-surface tagged GLUT4. The affinity of the Bio-LC-ATB- 
BGPA label for GLUT4 was shown to be slightly higher than that of the BMPA derivative, 
(Ki: 193 pM and 299 pM respectively). This may be explained by the substitution of the 
bis-glucose for the bis-mannose unit in the label. GLUT4 binds with a strong affinity to the 
sugar, glucose rather than the mannose isoform. The high affinity of Bio-LC-ATB-BGPA 
for GLUT4 in rat adipocytes can be reflected by its ability to tag GLUT4 using low 
concentrations of label, (200 pM) and in a low volume of cell adipocytes, (250 pi). The
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maximum amount of labelled GLUT4 was 0.2 pmoles of GLUT4.
The Bio-SS-ATB-BGPA was synthesised in order to study GLUT4 trafficking using the 
potential ability to cleave any label remaining at the cell surface. Although the label had 
strong affinity for the GLUT4 in rat adipocytes, (Ki of 154 pM) it did not sufficiently tag 
GLUT4. Western blots showed that there was little labelled GLUT4 present on the surface 
of rat adipocytes in comparison to the non-cleavable label. The cleavable label tagged 
GLUT1 with more efficiency in red blood cell ghosts than GLUT4 in the rat adipocytes. 
Possible explanations for the lack of labelling of GLUT4 with the Bio-SS-ATB-BGPA 
label in rat adipocytes have been put forward. Firstly, it was thought that the disulphide 
bond in the label could not withstand cleavage under harsh incubation conditions (low 
incubation temperatures and the presence of DTT). It was also proposed that the diazirine 
group of the label might be susceptible to intramolecular rearrangements with the 
disulphide bond under photolysis. However if this were the case, there would have been 
little labelling of GLUT1 in the red blood cells. It must be noted that the erythrocyte ghost 
labelling was carried out in PBS, whilst the rat adipocyte photolabelling buffer contained 
1% (w/v) BSA. Perhaps there was the possibility that the disulphide bond in the Bio-SS- 
ATB-BGPA label crosslinked with the disulphide bonds in BSA under photolysis causing a 
dramatic reduction in tagged GLUT4 in rat adipocytes. This hypothesis was put forward 
based on studies on the effects of photolysis on human and bovine albumin sera which have 
shown that UV irradiation produces free disulphide bonds (-SH) (Stepuro et al., 1981; 
Stepuro et al., 1986). The disulphide bonds in the BSA may have interacted with the 
disulphide bond in the Bio-SS-ATB-BGPA label. This crosslink between the two 
compounds may have caused a dramatic reduction in tagged GLUT4 in rat adipocytes. 
Further experiments are necessary to eliminate these hypotheses. Mass spectroscopy could 
be used in future studies to analyse interactions between the albumin and photolabels. A 
recent experimental technique has been developed by Epps and colleagues, which measures 
the affinity of drugs binding to human serum albumin, (HSA) (Epps et al., 1999). The 
method involves the use of fluorescence quenching of the single tryptophan (Trp) residue 
in HSA excited at 295 nm to measure drug-binding affinity. Modification of this technique 
could lead us to find out if the Bio-SS-ATB-BGPA label interacts with BSA, which would 
explain the ineffective labelling of glucose transporters with this label.
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Mono-Glucose Photolabels
The Bio-LC-G15 had a lower affinity for GLUT4 in rat adipocytes than the bis-glucose 
labels, (Table 4.1). The maximal amount of cell surface GLUT4 labelled (0.2 pmoles of 
GLUT4) was similar to that of the Bio-LC-ATB-BGPA label. The long spacer arm enabled 
the tag to interact with avidin, (Figure 4.13). In this laboratory, it has been shown that other 
labels developed in the Holman laboratory cannot interact with avidin in intact cells, 
(Hashimoto et al., 2001a). This property of Bio-LC-G15 label to interact with avidin was 
used to detect GLUT1 in intact red blood cells by confocal microscopy. In addition, the 
ability of the Bio-LC-G15 to bind to avidin enabled the label to act as a tool for measuring 
the exocytosis rate of GLUT4. The appearance of the tagged glucose transporter, GLUT4 at 
the cell surface of adipocytes after insulin-stimulation occurred with no lag period. The 
maximal GLUT4 at the cell surface was reached after approximately 20 min. The data was 
consistent with published data (Clark et al., 1991). The rate constant of exocytosis for 
tagged GLUT4 (kex) was calculated to be 0.24 min'1. This rate of exocytosis is large in 
comparison to values produced from experiments using tracer-tagged GLUT4 with the 
impermeant bisglucose photolabel B3GL and the impermeant bismannose photolabel, 
ATB-BMPA (Jhun et al., 1992; Satoh et a l, 1993; Yang and Holman, 1993). Jhun used the 
B3GL to photolabel GLUT4 in rat adipocytes and found that the kex of GLUT4 increased 
from 0.024 min'1 to 0.078 min'1 with insulin-stimulation (Jhun et al., 1992). In 3T3-L1 
adipocytes the kex increased from 0.010 min'1 to 0.086 min'1 with insulin-stimulation 
(Yang and Holman, 1993). The labelling of GLUT4 with the tritiated ATB-BMPA 
photolabel in insulin-stimulated rat adipocytes produced a kex of 0.106 min'1 with a 
corresponding kex of 0.077 min'1 detectable by Western blotting (Satoh et al., 1993). 
Estimates of the endocytic and exocytic rate constants obtained by, Jhun, Yang, Satoh and 
colleagues assumed that there was the existence of only two pools of glucose transporters, 
one in the low density microsomes and one at the plasma membrane. The 2-pool model of 
GLUT4 translocation over-simplifies as it predicts that the X\n values of recycling in the 
insulin-stimulated state and for the transition between the basal and insulin steady states 
should be the same. Experiments have provided evidence that the site of insulin action in 
stimulating glucose transporter translocation lies in the exocytosis part of the recycling 
process and that there is no significant decrease in the rate of endocytosis (Satoh et al.,
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1993). Researchers investigating the effect of insulin on actin filaments in rat adipocytes, 
suggest that disruption of the actin filaments inhibit GLUT4 exocytosis but have no effect 
on the endocytosis of GLUT4 (Omata et al., 2000). It is evident that there may be possibly 
four or maybe even five occluded pools in which GLUT4 traffics (Holman et al., 1994). 
Thus, the exocytotic rate of GLUT4 at 0.24 min"1 may be feasible as it measures exocytosis 
more directly than previous methods. Previous methods have extracted exocytosis 
information from steady state kinetic data and this approach brings into play the movement 
of GLUT4 through multiple recycling compartments. The Bio-LC-G15 label has potential 
to be used to establish endocytosis rates of GLUT4 in the rat adipocyte and to study the 
kinetics of GLUT4 trafficking between different intracellular pools of GLUT4.
Conclusions
The Bio-LC-ATB-BGPA label and Bio-LC-G15 both effectively label cell surface GLUT4. 
The Bio-SS-ATB-BGPA did not bind sufficiently to GLUT4, which is thought to be due to 
interactions between the bovine serum and the disulphide unit in the label. The Bio-LC- 
G15 label has been found to be a useful tool for tracking GLUT4 exocytosis and should be 
used in further kinetic studies of GLUT4. It would be interesting to use the label to 
examine the kinetics of GLUT4 between different intracellular compartments (Holman et 
al., 1994). However, at present the separation of two or more GLUT4 intracellular pools 
has been unfruitful. Studies directed towards identifying these compartments are discussed 
in Chapter 5.
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5.0 Separation of GLUT4 Compartments
5.1 The GLUT4 Compartment
It is well established that integral membrane proteins recycle between the plasma 
membrane and specific intracellular loci through an endosomal recycling system, (for 
review see Clague, 1998). Immunoelectron microscopy techniques have revealed that 
GLUT4 is localised to several elements of the recycling pathway. The majority of GLUT4 
was located in small vesicles and TV structures, clustered in the cytoplasm and often 
beneath the cell surface. Relatively small amounts of GLUT4 were shown to be associated 
with the clathrin-coated vesicles and endosomes. Use of subcellular fractionation and 
immunoabsorption studies, indicated that there was a co-distribution of GLUT4 with 
markers of several intracellular membrane compartments including GLUT1, transferrin 
receptor, (TfR) and mannose-6-phosphate receptor, (M6PR) (Kandror and Pilch, 1996; Rea 
and James, 1997). However, it has been observed by several independent groups that there 
is a separate subpopulation of GLUT4 vesicles (GSVs) that differ from vesicles of the 
constitutively recycling endosomal system, (see Section 1.5). Despite considerable progress 
in our understanding of insulin-regulated GLUT4 movement, several questions remain 
unanswered. For example, do GSVs represent a separate specific class of vesicles, how 
many separate GLUT4 populations exist and how are they associated with other 
intracellular recycling pathways? There has been little study on the rates of trafficking of 
GLUT4 between these compartments. This is probably due to the predicaments that face 
the researcher - a lack of biochemical methods to effectively separate different 
compartments. Gradient centrifugation was employed as a means to separate compartments 
in adipose cells has been employed in previous studies (Herman et al., 1994; Hashiramoto 
and James 2000 and Lee et al., 1999). However, due to the different starting materials the 
authors have come to different conclusions:
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• Glycerol gradient centrifugation carried out in neuroendocrine cells (PC 12) expressing 
GLUT4 identified a population of GLUT4 vesicles approximately 50-100 nm in 
diameter not associated with endosomes (Herman et al., 1994).
• Hashiramoto and James prepared a crude intracellular membrane fraction from 3T3-L1 
adipocytes and subjected it to iodixanol equilibrium sedimentation analysis to reveal 
two subpopulations of GLUT4: one being more insulin-sensitive than the other, 
(Hashiramoto and James, 2000).
• Lee (Lee et al., 1999) used glycerol gradient centrifugation to separate three 
intracellular GLUT4 compartments in rat adipocytes: plasma-membrane containing 
fraction, endosome-associated fraction and an exocytotic vesicles fraction.
A combination of biochemical and immunological techniques were used in rat adipocytes 
to further define the nature of the insulin-responsive GLUT4 compartments and their 
relation to the constitutively recycling endosome compartments. The overall aim in the 
study described here were to physically separate the different GLUT4 compartments in rat 
white adipose tissue by their buoyant densities. Specifically the experiments described 
investigate the following:
• The factors affecting GLUT4 Sedimentation Characteristics:
Media used for gradients
Time for centrifugation
Preformed gradients versus self-generating gradients
• The distribution of GLUT4 in relation to other recycling proteins on the gradients
• The effect of insulin-stimulation of rat adipose cells on the subsequent GLUT4 
sedimentation on gradients.
107
5.2 Centrifugation Techniques and Choice of Gradient Material
The criteria for an ideal density gradient medium have been set out by (Hartman et al., 
1974). It should a) form a solution covering the density range needed for the particular 
application, b) form solutions of low viscosity, c) possess some property, such as refractive 
index, by which its concentration may be measured, d) be readily removable after the 
separation and e) not interfere with the analysis of the separated particles. The properties of 
the more common gradient materials are given in Table 5.1. Non-ionic media, such as 
sucrose, glycerol, Metrizamide, Ficoll and Percoll are generally considered to be more 
gentle than the ionic salts, such as caesium chloride and potassium bromide, and require 
relatively lower centrifugal fields to achieve an adequate separation of particles. Sucrose is 
the most popular compound for density gradient formation. It forms solutions, which cover 
the density range of all the larger constituents of cells. It has little effect on intermolecular 
bonding and is very cheap. The disadvantages of using this medium are that sucrose itself 
inhibits enzymes at high concentrations in the assay medium and it will damage complex 
structures like mitochondria and whole cells. Sucrose exerts very high osmotic effects even 
at very low concentrations, (i.e. approximately 10% (w/v) concentration). Glycerol 
gradients are sometimes preferred to sucrose gradients, as the glycerol appears to protect 
enzyme activity (Friefelder, 1973). The glycerol penetrates most biological membranes 
(Wallach, 1967) and is highly osmotic. The hyperosmotic effects of the media glycerol and 
sucrose lead to slow sedimentation rates for small particles and loss of water from 
subcellular organelles. The iodinated density gradient media were developed to overcome 
these problems. These include Metrizamide, Nycodenz and the collodial silica, Percoll 
(Pertoft et al., 1978; Rickwood et al., 1978). Percoll has no osmotic effects, whilst 
Metrizamide and Nycodenz form iso-osmotic solutions at around 37% (w/v) and 30 % 
(w/v), respectively, equivalent of densities 1.192 and 1.159 mg/ml. Recently, a new 
iodinated density gradient compound called iodixanol (Optiprep™) was developed by Ford 
and co-workers (Ford et al., 1994). Iodixanol was prepared as a dimer of Nycodenz. 
Iodixanol’s aqueous solutions are iso-osmotic up to a density of 1.32 mg/ml and it is 
capable of forming gradients in 1 to 3 h. Iodixanol has an advantage of other media due 
to its low toxicity towards biological materials.
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Table 5.1: Commonly used Gradient Materials and their Applications














Sodium bromide 102.91 +++ +++ 1.53 + Fractionation of 
lipoproteins
Wolf and Brown, 
1967.
Caesium chloride 169.4 +++ +++ 1.91 + Banding of nucleic 
acids and 
nucleoprotein
Wolf and Brown, 
1967.
Percoll (Pharmacia) + 1.30 +++ Separation of whole 
cells and subcellular 
particles
Pertoft et al., 1978






Rickwood et al., 
1973
Sucrose 342.3 +++ 1.32 + Separation of 
subcellular particles, 
proteins viruses, and 
membranes
Wolf and Brown, 
1967.





Wolf and Brown, 
1967.
Cont. Table 5.1: Commonly used Gradient Materials and their Applications


















Pretlow et al., 1969
Dextran 72,000 + 1.13 + Separation of whole 
cells, banding of 
microsomes
Graham, 1972 




60,000 + +++ Separation of whole 
cells
Wolf and Brown, 
1967.
Harwood, 1974






Iodixanol (Sigma) 1550 ++* 1.320 at 
60%(w/v) 
solution





Ford et a l, 1994
+-H-, High; ++, medium; +, low; non-ionic. (*) Osmotic effect increases almost linearly with concentration.
In this study, isopycynic (isodensity or equal density) gradients were chosen to attempt 
separation of GLUT4 compartments from the endosomal recycling system. This was 
performed on either pre-formed discontinuous step-density gradients or by self-forming 
gradients. The discontinuous step-density gradients were made from an overlayering 
method. Known volumes of decreasing density were allowed to run slowly down the 
centrifuge tube to form layers over each over. The diluted sample was overlayed on the 
least dense layer of the gradient. The gradient media had the density range covering the 
density of the particles in the sample solution that were to be fractionated. During the 
centrifugation, sedimentation of the particles occurred until the buoyant density of the 
particle and the gradient were equal. At this point of isodensity no further sedimentation 
occurred, (irrespective of the length of time for centrifugation), as the particles were 
floating on a cushion of material that had density greater than their own. The self-formed 
gradients (referred to as an equilibrium isodensity gradients) were prepared by initially 
mixing sample with the gradient media to give a solution of uniform density. The gradients 
self-formed by sedimentation equilibrium during centrifugation. Glycerol and iodixanol 
media were used in the pre-formed gradients. Glycerol was chosen due to low cost, whilst 
Iodixanol was used due to its low osmotic effects on particles. The iodixanol was used in 
the self-generating gradients. Glycerol media were not used in the self-generating 
gradients. It is known that glycerol and sucrose do not sediment significantly and tend to 
produce shallow gradients even at very high centrifugal fields (Ford et a l, 1974).
5.3 Use of Pre-Formed Discontinuous Step-Density Gradients
Methods to isolate intracellular storage vesicles of GLUT4 by density gradients were 
developed by Herman (Herman et al., 1994) by modification of a method from Clift-O’ 
Grady and colleagues (Clift-O'Grady et al., 1990). Post nuclear samples from the 
neuroendocrine cell line PC 12 transfected with GLUT4 were subjected to sedimentation 
analysis on a 5-25% (w/v) step glycerol gradient with a 50% (w/v) sucrose pad. Samples 
were centrifuged for 1 h and it was observed that there were two separate pools of GLUT4, 
one associated with the slow-sedimenting endosomes and the other in a fast-sedimenting 
region. In the study described in this chapter, the method by Herman was repeated but with 
the use of post HDM supernatant samples from basal or insulin treated rat adipocytes,
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(Sections 2.3.1 and 2.3.2). Samples were centrifuged on the density glycerol gradients for 
90 min and fractions were collected from the bottom of the gradient with a peristaltic 
pump. A fifth of each fraction was run down 8% SDS-PAGE gels. To detect for the TfR 
(190 kDa dimer), samples were run down the gel in the absence of DTT in the sample 
buffer. The gels were transferred onto nitrocellulose and Western blotted for GLUT4 and 
TfR using the polyclonal carboxyl-terminal GLUT4 antibody and the monoclonal TfR 
antibody respectively. The TfR was chosen as an endosome marker. The Western blot 
analysis of the subcellular distribution of GLUT4 in post HDM supernatants, showed that 
the majority of GLUT4 sedimented rapidly and was found at a higher density than the TfR, 
(see Figure 5.1 basal samples, page 113). GLUT4 was found to be in fractions 6-14 of the 
gradient, whilst the TfR was detected in fractions 14-19. The effect that 20 nM insulin- 
stimulation had on the sedimentation characteristics of GLUT4 on the velocity glycerol 
gradients was also analysed. The distribution of GLUT4 along the gradient differed slightly 
in the presence of insulin in comparison to the basal cells. There was a reduction in the 
amount of GLUT4, which was expected due to translocation of GLUT4 to the plasma 
membrane. There was a slight shift of GLUT4 on the gradient to the more dense area of the 
gradient (fast-sedimenting) in the presence of insulin.
To verify the sedimentation pattern of GLUT4 on the velocity glycerol gradient, the 
gradient was analysed for proteins known to be associated with GLUT4, (Figure 5.2, page 
114). 1F8 and VAMP2 antibodies were used as markers for GLUT4, (Figure 5.2b,d). A 
Rab4 antibody was used as a marker for recycling endosomes on the gradient, (Figure 
5.2e). Western blots were scanned and analysed for the densitometry of the bands. The 
distribution of protein content in the gradient was measured by the BCA protein detection 
system, (Figure 5.2f). Both VAMP2 and the 1F8 antibodies detected their respective 
proteins in the same fractions as the polyclonal GLUT4 antibody, (fractions 10-14). 
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Figure 5.1: The Sedimentation Characteristics o f GLUT4 in Comparison to 
the Transferrin Receptor in rat adipocytes along a 5% -25%  (w/v) Glycerol 
Velocity Gradient.
Rat adipocytes were subjected to either basal (B) or 20 nM insulin treatment (I) 
prior to homogenisation, (Section 2.3.2). Post HDM supernatant was layered onto 
a 5%-25% (w/v) glycerol gradient. The velocity gradient was centrifuged for 90 
min, (Section 2.6.1). 2 ml fractions were collected from the bottom o f the gradient. 
100 pi from each fraction were run down a SDS-PAGE gel, transferred to 
nitrocellulose and Western blot for transferrin Receptor (TfR) and GLUT4 (using 
polyclonal anti carboxyl-terminal GLUT4 antibody). Electrochemilumenesence 
was used to detect for the proteins by the ECL system from Amersham. The 
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Figure 5.2: Comparison o f Sedimentation o f GLUT4 to Transferrin Receptor, 
VAM P2 and Rab4 from rat adipocyte post HDM supernatant on a 5% -25%  
Velocity Glycerol Gradient.
4 ml o f  40% cytocrit rat adipocytes were treated with 20 nM insulin for 20 mins ( • )  
or kept under basal conditions (■ ) prior to homogenisation and subfractionation. Post 
HDM supernatants from the adipocytes were layered onto 5-25% glycerol gradients. 
2 ml fractions were collected. 100 (il from each fraction were run down a SDS-PAGE 
gel, transferred onto nitrocellulose and Western blot for the following proteins: 
GLUT4 (A), GLUT4 using the IF8 antibody (B), transferrin receptor (C), VAMP2 
(D) and Rab4 (E). Antibodies were detected using ECL (Amersham). Densometric 
analysis o f  the bands were carried out using the programme Molecular Analyst ™  
(from Bio-Rad Laboratories). The level o f  protein was expressed as a percentage o f  
the total density in arbitary units (F). Protein content in each fraction was determined 
by the BCA method, (Section 2.2.1). The experiments were carried out three times 
and similar patterns o f  protein distribution were observed.
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Differences in the apparent GLUT4 distribution along the gradient using the IF8 antibody 
and polyclonal GLUT4 antibody may be due to the different antigen-antibody binding 
affinities. The majority of GLUT4 detected by the different antibodies was found in the 
same fractions, none of which co-sedimented with TfR (fractions 14-20). Rab4 (recycling 
endosome) was detected in fractions 14-20. In gradients from insulin-stimulated cells the 
sedimentation characteristics of, TfR, Rab4 and surprisingly VAMP2 was unchanged 
compared to basal cells. In both basal and insulin-stimulated cells, GLUT4 on the 
gradients was found to be separated from the bulk of protein, (compare figure 5.2a to figure 
5.2f) whilst the TfR was not, (compare figure 5.2b to figure 5.2f).
Iodixanol media, a non-ionic solute was used in a 5-25% (w/v) step velocity density 
gradient to establish whether ionic-effects of glycerol were having an effect on the 
sedimentation characteristics of GLUT4, (Figure 5.3, page 116). GLUT4 in the iodixanol 
gradient sedimented in fractions 5-14 compared with fractions 8-15 for the glycerol 
gradient. The TfR was in fractions 15-20 in both gradients. Iodixanol step gradients had no 
effect on the sedimentation characteristics of TfR but GLUT4 vesicles were found to be 
less resolved and more spread out over the gradient than the glycerol step gradients.
The distribution of GLUT4 and TfR on a 4 h 2-25% (w/v) iodixanol or glycerol step 
gradients were analysed. A 2% (w/v) layer of glycerol or iodixanol were included on the 
gradients to allow the TfR protein to move further into the gradient away from the surface 
layer. A 4 h spin was used to equilibrate the GLUT4 into a single peak. However it was 
found that the TfR did not move further into the gradient, and GLUT4 protein became more 
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Figure 5.3: Comparison o f GLUT4 Sedimentation to Rab4 and TfR on 5%- 
25% (w/v) Glycerol and Iodixanol Velocity gradients.
4 ml o f  40% cytocrit rat adipose basal cells were homogenised and subfractionated 
for the post HDM supernatant. The supernatant was layered onto a 5%-25% (w/v) 
gradient consisting either o f  glycerol diluted in gradient buffer (A) or iodixanol 
diluted in gradient buffer (B), (Section 2.6.1). Gradients were centrifuged for 90 
min and 2 ml fractions were collected from the bottom o f the gradient. 100 pi from 
each fraction was run down a SDS-PAGE gel, transferred onto nitrocellulose and 
Western blot for the following proteins: GLUT4, TfR and Rab4. Antibodies were 
detected using ECL (Amersham). Densometric analysis o f  the bands were carried 
out using the programme Molecular Analyst ™  (from Bio-Rad Laboratories). The 
amount o f  protein was expressed as a percentage o f  the total density in arbitary 
units. The experiments were carried out twice and similar patterns o f  protein 
distribution were observed.
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Figure 5.4: Comparison o f GLUT4 Sedimentation to TfR on a 2%-25%  
(w/v) Glycerol and 2% -25%  (w/v) Iodixanol 4 h step gradient.
4 ml o f  40% cytocrit rat adipose basal cells were homogenised and 
subfractionated for the post HDM supematnt. The supernatant was layered 
onto a 5%-25% (w/v) gradient consisting either o f  glycerol or iodixanol 
diluted in gradient buffer, (Section 2.6.1). Gradients were centrifuged at 80, 
000 gav for 4 h and 2 ml fractions were collected from the bottom o f  the 
gradient. 100 pi from each fraction were run down a SDS-PAGE gel, 
transferred onto nitrocellulose and Western blot for the following proteins: 
GLUT4, TfR and Rab4. Antibodies were detected using ECL (Amersham). 
Densometric analysis o f  the bands were carried out using the programme 
Molecular Analyst ™  (from Bio-Rad Laboratories). The level o f  protein was 
expressed as a percentage o f  the total density in arbitary units. The 
experiments were carried out twice and similar patterns o f  protein distribution 
were observed.
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Once it had been established that the media glycerol could be effectively used to produce a 
distinct zone for GLUT4 on the step-gradients, subsequent studies were aimed at 
completely separating GLUT4 from the TfR on the gradient. The post HDM supernatants 
from rat adipose cells were layered onto step-glycerol gradients and centrifuged overnight 
for 16 h. 16 h was employed in order for equilibrium to be fully established between the 
particle sizes with the density of the gradient. GLUT4 was resolved in a single large peak 
in fractions 3-7 on the gradient, (see Figure 5.5A basal rat adipose post HDM supernatant, 
page 119). The TfR was found in fractions 11-14, clearly away from the GLUT4 on the 
gradient, (Figure 5.5A basal rat adipose post HDM supernatant). The increase in time for 
centrifugation (90 min to 16 h) shifted GLUT4 from fractions 7-15 in the 90 min gradient 
(Figure 5.2A) to fractions 4-7 in the 16 h gradient, (Figure 5.5A). A shift was not observed 
for the TfR. The shift in GLUT4 from the slow sedimenting material (low density) to that 
of the rapid sedimenting material (high density) indicated that the gradient had reached an 
equilibrium after 16 h. In gradients from insulin-stimulated cells, GLUT4 shifted from 
fractions 4-6 to 3-6 in the 16 h gradient, (Figure 5.5B, page 120). Similar banding was 
produced when LDM instead of post HDM supernatant was used as the starting material, 
(Figure 5.6, page 121). However all of the above mentioned gradients did not resolve 











Basal Rat Adipose post HDM Supernatant
(Fraction Numbers)
75-,
O .E i  50-
® B >» B>0
10 15 200 5
(Light)
F raction  N um ber
Figure 5.5A: Separation o f Basal GLUT4 containing vesicles from TfR on an Equilbrium Density Glycerol Gradient.
4 ml o f  40% cytocrit rat adipose basal cells were homogenised and subffactionated for the post HDM supernatant. The supernatant 
was layered onto a 5%-25% (w/v) glycerol gradient diluted in Gradient Buffer. The gradients was centrifuged for 16 h and 2 ml 
fractions were collected from the bottom o f the gradient. 100 pi from all fractions were analysed for the following proteins using 
Western blotting: GLUT4, TfR, VAMP2 and IRAP. The Western blots and their density analyses are representative o f  two 
separate repetitions o f  this experiment.
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Figure 5.5B: Separation o f Insulin-stimulated GLUT4 containing vesicles from TfR on an Equilbrium Density Glycerol 
Gradient. 4 ml o f  40% cytocrit rat adipose insulin stimulated cells were homogenised and subfractionated for the post HDM 
supernatant. The supernatant was layered onto a 5%-25% (w/v) glycerol gradient diluted in Gradient Buffer. The gradients was 
centrifuged for 16 h and 2 ml fractions were collected from the bottom o f  the gradient. 100 pi from all fractions were analysed for 
following proteins using Western blotting: GLUT4, TfR, VAMP2 and IRAP. The Western blots and their density analyses are 
representative o f  two separate repetitions o f  this experiment.
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Figure 5.6: Separation o f GLUT4 from TfR in LDM  of rat adipose cells on a 16 h 
equilbrium density glycerol gradient.
4 ml o f  40% cytocrit rat adipose basal or insulin stimulated cells were homogenised 
and subfractionated for the LDM. The LDM was resuspended in gradient buffer and 
layered onto a 5%-25% (w/v) glycerol gradient diluted in Gradient Buffer. The 
gradients was centrifuged for 16 h. 2 ml fractions were collected from the bottom o f  
the gradient. 100 pi from each fraction were run down a SDS-PAGE gel, transferred 
onto nitrocellulose and Western blot for the following proteins: GLUT4, TfR and 
VAMP2. Antibodies were detected using ECL (Amersham). The Western blots shown 
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Figure 5.7: Sedimentation Characteristics o f GLUT4 in Comparison to TfR, EEA1, Sortilin and VAMP2 on a post HDM  
Supernatant Equilbrium Density Glycerol Gradient. 4 ml o f  40% cytocrit rat adipose insulin stimulated cells were 
homogenised and subfractionated for the post HDM supernatant. The supernatant was layered onto a 5%-25% (w/v) glycerol 
gradient diluted in Gradient Buffer. The gradients was centrifuged for 16 h and 2 ml fractions were collected from the bottom o f  
^  the gradient. 100 pi from all fractions were analysed for following proteins using Western blotting: GLUT4, TfR, VAMP2 and
to sortilin and EEA1. The Western blots and their density analyses are representative o f  two separate repetitions o f  this experiment.
The buoyant density analysis of GLUT4 and TfR on the 16 h glycerol density gradients did 
not provide sufficient data as to whether there were several GLUT4 intracellular 
compartments. However, it was of interest to analyse the distribution of GLUT4 in 
comparison to that of other proteins from adipose cells that were known to be associated 
with certain organelles, i.e. the TGN and early endosome compartment. Basal rat adipose 
cells were subfractionated for the post HDM supernatant and analysed on 16 h glycerol 
gradient for GLUT4, TfR, EEA1, sortilin, and VAMP2, (Figure 5.7, page 122). Sortilin 
was used to mark the movement of proteins from TGN to late endosomes (Petersen et al., 
1997), and EEA1 as an early-endosome marker, (Patki et a l , 1997). The majority of 
sortilin sedimented in the fractions 3-6 where GLUT4 and VAMP2 also sedimented. 
Approximately 5% of the sortilin was found in fractions 13-15. The fractions containing 
sortilin at the top and bottom of the gradient may represent the endosomes and TGN 
compartments of the adipose cell, respectively. EEA1 protein was found in fractions 14-19; 
partially co-sedimented with TfR. VAMP2 was completely co-sedimenting with GLUT4 
protein.
5.4 Use of Self-Forming Iodixanol Gradients
Hashiramoto and James were able to isolate two distinct GLUT4 pools from the LDM of 
3T3-L1 adipocytes by the use of 14% iodixanol self-forming gradients (Hashiramoto and 
James, 2000). The method was repeated so that GLUT4 pools from the LDM of rat adipose 
tissue could be isolated. LDM (approximately 500 pg in HES buffer) from basal or insulin 
treated cells were mixed with 14% iodixanol in Gradient buffer. Tubes were sealed and 
spun in a vertical rotor for 1 h, 2.5 h or 4 h. 4 h were chosen as Hashimoto and James used 
this time to separate GLUT4 pools in 3T3-L1 adipocytes. Various times were used for 
centrifugation to find ideal conditions for resolving two GLUT4 pools. In the James and 
Hashiramoto study, 4 ml sealed-tubes were used, but in the following studies 2.2 ml sealed- 
tubes were used, which were expected to shorten the time needed to separate GLUT4 
compartments. 200 pi fractions were collected from the top of the gradient and 10 pi from 
each fraction were analysed for their protein components. Bands on the Western blots were 
analysed for the immunoreactivity. Results were expressed as a percentage of total band 
density for each protein, (arbitrary units) and plotted graphically. The figures (5.8, 5.9 and
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5.10) give examples of the Western blots produced for GLUT4, TfR, sortilin and EEA1 
protein for centrifuge times 1 h, 2.5 and 4 h. For comparison purposes the distribution of 
the protein, GLUT4 and TfR are shown graphically for each of these times in Figure 5.11. 
All experiments were carried out at least twice. (Percentages are only an approximate 
value). IF8 antibody was used to confirm the distribution of GLUT4 along the gradients 
that was detected by the polyclonal carboxyl-terminal GLUT4 antibody.
The percentage of the total amount of intracellular GLUT4, sortilin, TfR and EEA1 in the 1 
h 14% iodixanol gradient is summarised in Table 5.2. The results are percentages of protein 
distributions from one represenative experiment and no statistical analyses were carried 
out. The gradients were repeated twice, and distribution of proteins followed similar 
patterns.
Table 5.2: Percentage of Protein Distribution Along the 1 h 14% Iodixanol Gradient
Protein Light fractions 1-6 
(Pool 1)
Dense fractions 7-11 
(Pool 2)
Basal Insulin Basal Insulin
GLUT4 16% 25% 84% 75%
TfR 55% 51% 45% 49%
Sortilin 31% 35% 69% 65%
EEA1 97% 94% 3% 6%
Note: Percentages are from one represenative experiment and are not statistically significant.
The total amount of GLUT4 present along the 1 h iodixanol gradient was distributed into 
two pools: Pool 1, fractions 1-6 (top of gradient) and pool 2, fractions 7-11 (bottom of 
gradient), (see Figure 5.8 pages 127-128). 84% of GLUT4 was shown to be at the bottom 
of the gradient, (fractions 7-11). The remaining 16% of GLUT4 were shown to be in the 
top end of the gradient, (fractions 1-6). In the presence of insulin the amount of GLUT4 
found at pool 2 dropped to 75%, which is reflected by the density decreasing in insulin- 
treated cells on the Western blots. However, the significance of this is unclear as 
experiments were not carried out more than twice. The highest percentage point of GLUT4 
on the gradient shifted from fraction 10 to 9 with insulin-stimulated cells. There was an 
increase from 16% to 25% of GLUT4 in pool 1 from basal to insulin-stimulated cells.
124
Sortilin was used as a marker for TGN and EEA1 for the early endosome compartments. 
69% of sortilin was in pool 2 and 31% in pool 1. In insulin-stimulated cells, the amount of 
sortilin in the two pools did not vary from basal cells significantly: 35% in pool 1 and 65% 
in pool 2. There was little effect of insulin on TfR distribution along the gradient. In basal 
cells TfR was roughly equally distributed between the two pools, 55% (w/v) and 45% of 
total TfR in pools 1 and 2, respectively. In the presence of insulin the amount of TfR was 
51% and 49%, in pools 1 and 2, respectively. EEA1 was found at the top of the gradient 
only, in peak 1 fractions 1-6. In basal stimulated cells, 97% of EEA1 sedimented in pool 1 
and 94% in insulin-stimulated cells.
The protein distribution of GLUT4, TfR, sortilin and EEA1 from LDM rat adipose cells 
along a 14% 2.5 h iodixanol gradient is shown in Figure 5.9 (pages 129-130). The increase 
in centrifuge time from 1 h to 2.5 h led only a slight shift in the pool of GLUT4 protein; 
fraction 10 to fraction 9. This pool of GLUT4 was slightly shifted again in insulin- 
stimulated cells (fraction 8). Similar protein distribution shifts were seen for sortilin and 
TfR but not EEA1. The percentage of GLUT4 in pools 1 and 2 were 34% and 66%, 
respectively. In the insulin-stimulated state there was a shift of GLUT4 to pool 1, 53% 
compared to 47% in pool 2. Insulin did not have such a large effect on the distribution of 
TfR, EEA1 or sortlin although the TfR and sortilin were found in two separate pools. In the 
basal state TfR was found approximately in equal amounts of 53 and 47% in pool 1 and 
pool 2, respectively. With insulin the values changed to 61% and 41%. In basal cells, the 
percentage of sortilin present was 47% and 53% in pools 1 and 2. In insulin-stimulated 
cells sortilin values were 52% and 46% in the two pools, 1 and 2 respectively.
The protein distribution of GLUT4, TfR, sortilin and EEA1 from LDM rat adipose cells 
along a 14% 4 h iodixanol gradient is shown in Figure 5.10 (pages 131-132). When the 
14% iodixanol LDM gradients were spun for 4 h there was little evidence of a pattern of 
two pools of GLUT4. GLUT4 was found in fractions 3-8, as was the TfR and sortilin. 
EEA1 was found at the top of the gradient, fractions 1-7. The majority of the sortilin was 
found in the same fractions as GLUT4.
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Table 5.3: Distribution of GLUT4 Along the 14% Iodixanol Gradients
14% lodixanoi Gradient Light fractions 1-6 
(Pool 1)
Dense fractions 7-11 
(Pool 2)
Basal Insulin Basal Insulin
1 h 16% 25% 84% 75%
2.5 h 34% 53% 66% 47%
4 h 72% 78% 28% 22%
Note: Percentages are from one represenative experiment and are not statistically significant.
The amount of protein in each of the 11 fractions obtained from the 14% iodixanol 
gradients were analysed by the BCA detection system. The data was graphically plotted 
and is shown in Figure 5.11 (page 133). For 1 h centrifugation time, the amount of protein 
falls into two major pools, fractions 1-6, (pool 1) and 7-11, (pool 2). GLUT4 and TfR 
follow this pattern. An increase in the time for centrifugation caused a shift of protein 
towards the top of the gradient, with the largest amount of protein being in fraction 1. The 
effect of the time of centrifugation was also to cause a shift in GLUT4 and TfR to the top 
end of the gradient. This resulted in the two pools merging and becoming less resolved. 
Table 5.3 represents the distribution of GLUT4 along 14% iodixanol gradients after 1 h, 2.5 
h and 4 h centrifugation times. The percentages from the gradients are only from one 
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Figure 5.8A: Analysis o f protein distribution from the LDM of rat adipose cells on a 1 h 14% Iodixanol Gradient. 500 pg
o f LDM taken from basal (B , B )  or insulin-treated (I, A) rat adipose cells were analysed on a 1 h 14% iodixanol self-generating 
gradient. (Section 2.6.2). 200 pi fractions were collected from the top o f the gradient. 10 pi from all fractions were analysed and 
Western blot for the following proteins: GLUT4, TfR Sortilin and EEA1. Antibodies were detected using ECL (Amersham). 
Densometric analysis o f  the bands were carried out using the programme Molecular Analyst ™  (from Bio-Rad Laboratories), and 
results were plotted graphically with Prism software. The Western blots shown above are representative o f  two separate 
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Figure 5.8B: Analysis o f protein distribution from the LDM of rat adipose cells on a 1 h 14% Iodixanol Gradient. 500 pg
o f  LDM taken from basal (B, ■ )  or insulin-treated (I,A )  rat adipose cells were analysed on a 1 hour 14% iodixanol self- 
generating gradient, (Section 2.6.2). 200 pi fractions were collected from the top o f the gradient. 10 pi from all fractions were 
analysed and Western blot for the following proteins: GLUT4, TfR Sortilin and EEA1. Antibodies were detected using ECL 
(Amersham). Densometric analysis o f  the bands were carried out using the programme Molecular Analyst ™  (from Bio-Rad 
Laboratories), and results were plotted graphically with Prism software. The protein distributions are representative o f  two 
separate repetitions o f  this experiment.
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Figure 5.9A: Analysis o f protein distribution from the LDM of rat adipose cells on a 2.5 h 14% Iodixanol Gradient.
500 pg o f  LDM taken from basal (B ,B )  or insulin-treated (I, A) rat adipose cells were analysed on a 1 hour 14% iodixanol 
self-generating gradient, (Section 2.6.2). 200 pi fractions were collected from the top o f  the gradient. 10 pi from all fractions 
were analysed and Western blot for the following proteins: GLUT4, TfR Sortilin and EEA1. Antibodies were detected using 
ECL (Amersham). Densometric analysis o f  the bands were carried out using the programme Molecular Analyst ™  (from Bio- 
Rad Laboratories), and results were plotted graphically with Prism software. The Western blots shown above are 
representative o f  two separate repetitions o f  this experiment.









Figure 5.9B: Analysis o f protein distribution from the LDM of rat adipose cells on a 2.5 h 14% Iodixanol Gradient.
500 pg o f  LDM taken from basal (B, ■ ) or insulin-treated (I, A) rat adipose cells were analysed on a 1 hour 14% iodixanol 
self-generating gradient, (Section 2.6.2). 200 pi fractions were collected from the top o f  the gradient. 10 pi from all fractions 
were analysed and Western blot for the following proteins: GLUT4, TfR Sortilin and EEA1. Antibodies were detected using 
ECL (Amersham). Densometric analysis o f  the bands were carried out using the programme Molecular Analyst ™  (from Bio- 
Rad Laboratories), and results were plotted graphically with Prism software. The protein distributions are representative o f  
two separate repetitions o f  this experiment.
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fig o f  LDM taken from basal (B, ■ )  or insulin-treated (I ,A ) rat adipose cells were analysed on a 1 hour 14% iodixanol self- 
generating gradient, (Section 2.6.2). 200 pi fractions were collected from the top o f  the gradient. 10 pi from all fractions were 
analysed and Western blot for the following proteins: GLUT4, TfR Sortilin and EEA1. Antibodies were detected using ECL 
(Amersham). Densometric analysis o f  the bands were carried out using the programme Molecular Analyst ™  (from Bio-Rad 
Laboratories), and results were plotted graphically with Prism software. The Western blots shown above are representative o f  
two separate repetitions o f  this experiment.
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Figure 5.10B: Analysis o f protein distribution from the LDM of rat adipose cells on a 4 h 14% Iodixanol Gradient.
500 pg o f  LDM taken from basal (B, ■ )  or insulin-treated (I, A) rat adipose cells were analysed on a 4 h 14% iodixanol self- 
generating gradient, (Section 2.6.2). 200 pi fractions were collected from the top o f  the gradient. 10 pi from all fractions were 
analysed and Western blot for the following proteins: GLUT4, TfR Sortilin and EEA1. Antibodies were detected using ECL 
(Amersham). Densometric analysis o f  the bands were carried out using the programme Molecular Analyst ™  (from Bio-Rad 
Laboratories), and results were plotted graphically with Prism software. The protein distributions are representative o f  two 
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Figure 5.11: Comparison o f TfR and GLUT4 distribution along 1 ,2 .5  and 4 h 14% (w/v) Iodixanol Gradients.
500 pg o f  LDM taken from basal rat adipose cells were analysed on 14% iodixanol self-generating gradients, (Section 
2.6.2). 200 pi fractions were collected from the top o f  the gradient. 10 pi from all fractions were analysed and Western blot 
for the GLUT4 and TfR. The protein content o f  the gradients were also tested using the BCA detection method, (Section 
2.2.1). The protein distributions shown above are representative o f two separate repetitions o f  the gradients.
5.5 Tracking Internalised GLUT4 on Gradients
There is evidence that as much as 40% of total GLUT4 in 3T3-L1 adipocytes is associated 
with the endosomal pathway. This has been shown by the co-localisation between GLUT4 
and TfR in endosomal ablation studies, (Livingstone et al., 1996; Martin et al., 1996a). 
This proportion appears to be smaller in white and brown adipose tissue (Malide et al., 
1997a; Slot et al, 1991a). The findings on the glycerol gradients reported in this chapter 
support the idea that the amount of GLUT4 in the endosome compartment is smaller in rat 
adipocytes than it is in 3T3-L1 cells. There was hardly any co-sedimentation between 
GLUT4 and TfR on the glycerol gradients, (Section 5.3). One possible explanation for this 
apparent lack of co-sedimentation may have been the comparative excess of GLUT4 found 
at the dense region (termed the GLUT4 storage compartment) to the light region 
(endosomal compartment) of the glycerol gradient. It was thought that a more sensitive tool 
was needed to detect the presence of GLUT4 associated with the TfR on the glycerol 
gradients, than basic Western blotting of the two proteins. To do this, rat adipocytes were 
irradiated in the presence of biotinylated photolabels to label cell surface GLUT4 that was 
subsequently internalised into intracellular compartments. The quantification of 
biotinylated GLUT4 were carried out by immunoprecipitation of pooled glycerol gradient 
fractions (dense fractions versus light fractions) using streptavidin-agarose beads. To 
compare movement between the endosomal pathway and the intracellular sequestered 
GLUT4 compartment, the biotinylated glucose transporters were allowed to internalise for 
4 or 40 min. The short time of 4 min was chosen to ‘capture’ GLUT4 at the endosomal 
compartment. It is known that GLUT4 is completely internalised after 20 min, (Clark et a l, 
1991). 40 min internalisation time was chosen to ensure all tagged GLUT4 had been 
sequestered inside the cells.
The experimental methods described here are detailed in Section 2.6.3. Biotinylated 
GLUT4 in post HDM supernatants from 4 or 40 min internalised rat adipose cells were 
loaded onto 5-25% 16 h glycerol density gradients. The fractions were collected from the 
bottom of the gradients and analysed for GLUT4, sortilin and TfR by Western blotting, 
(Figure 5.12, page 136). GLUT4 sedimented to the same fractions (fractions 3-5) after 4 or 
40 min of internalisation. There is a slightly higher amount of GLUT4 found in these
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fractions after 40 min of internalisation compared with 4 min. Sortilin was found to be 
more prominent in the lighter fractions (9-15) after 4 min of internalisation compared to the 
40 min internalised sample. GLUT4 was absent from fractions 9-15 in both samples. The 
separate fractions 3-5 (dense region/GLUT4 storage compartment) and 9-15 (light 
region/endosomal compartment) were pooled, dialysed against PBS, concentrated and 
analysed for biotinylated GLUT4, (Figure 5.13, page 137). There was a greater amount of 
GLUT4 in fractions 3-5 after 4 min of internalisation than 40 min, (Figure 5.13i). It was 
predicted that the amount of GLUT4 at fractions 3-5 after 40 min of internalisation would 
exceed the 4 min internalised sample. However, analysis of the densities of the bands for 
each sample show that approximately 35 % of the total labelled GLUT4 is internalised in 
fractions 3-5, (Figure 5.13ii). It should be noted that overall, the amount of total GLUT4 
labelled with the 4 min sample is greater than the 40 min sample. A reasonable explanation 
could be that discrepancies in the measuring of label or amount of cells used for labelling, 
may have occurred. The experiment failed to detect biotinylated GLUT4 in fractions 9-15 
on the glycerol gradients for either the 40 min or 4 min incubated samples.
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Figure 5.12: Preparation of Internalised Photolabeled GLUT4 in 
Rat Adipocytes for use on 16 hour Glycerol Gradients.
200 pM o f  Bio-LC-ATB-BGPA was used to tag cell surface GLUT4 
on insulin-stimulated rat adipose cells, (Section 2.5.2). Cells were 
then washed twice in MES buffer at 18°C and subsequently twice in 
1% (w/v) BSA/KRH containing 2 mM D-glucose at 37°C. Cells were 
left for 4 or 40 mins to allow for glucose transporter internalisation. 
The cells were washed in HES Buffer and homogenised for the post 
HDM supernatants, (Section 2.3.3). Post HDM supernatants were 
layered onto a 16 hour glycerol density gradient, (Section 2.6.1). 
Fractions were collected from the bottom and analysed for GLUT4 
sortilin or TfR using Western blotting techniques. Fractions 3-5 and 
9-15 fractions were pooled together to detect for biotinylated 
GLUT4, (Figure 5.12). The experiments were carried out twice and 
example Western blots are given above
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Figure 5.13: Biotinylated GLUT4 Labelling in Frations 3-5 and 9- 
15 o f 16 hour glycerol gradients.
The GLUT4 fractions (3-5) and the TfR fractions (9-15) were pooled 
together from a 16 hour glycerol gradient (Figure 5.12) and dialysed 
overnight against PBS. The pooled fractions were concentrated to 2 ml 
using PEG 20000 and analysed for biotinylated GLUT4 using 
streptavidin immunoprecipitation, (Section 2.5.2). The 
immunoprecipitations were washed eluted and processed for GLUT4 
labelling by Western blotting, (Figure 5.13i) . Amount o f  GLUT4 
labelling in pmoles was calculated by construction o f  a standard curve 
p f pmoles GLUT4 in basal LDM versus density counts, (figure 5.13ii). 
The experiments were carried out twice and similar patterns o f  protein 
distribution were observed. The Western blot and its density analysis 




To identify the GLUT4 associated compartments in rat adipocytes buoyant density 
analysis using glycerol and iodixanol gradients were used. The sedimentations of 
proteins from the rat adipose cells were subject to centrifugation using pre-formed 
discontinuous density gradients or self-generating density gradients.
Discontinuous step density gradients were used to separate intracellular rat adipocyte 
membrane fractions under two conditions, at equilibrium (16 h centrifugation time) and 
under non-equilibrium conditions after a shortened centrifugation time, (90 min). Direct 
Western blotting revealed that 5%-25% (w/v) glycerol densities in the gradient 
produced a GLUT4 peak in comparison to gradients with iodixanol media. On both 
non-equilibrium and equilibrium glycerol gradients, GLUT4 did not co-sediment with 
TfR. Previous studies have revealed that the insulin regulated intracellular membranes 
containing GLUT4 are specialised and appear to exclude some other recycling proteins, 
i.e. TfR and GLUT1, (Livingstone et a l , 1996; Millar et al., 1997). Here it was found 
that GLUT4 sedimented to a higher density than the bulk of all microsomal proteins, 
including TfR and EEA1. This was verified by detection of VAMP2 and IRAP in the 
same fractions as GLUT4. 90% of the total sortilin protein was found to be associated 
with GLUT4. The remaining 10% was found to co-sediment with TfR. The EEA1, 
(early endosome compartment marker) and Rab4 sedimented very slowly and were 
found at the top of the gradient with partial co-localisation with TfR.
The results described above are inconsistent with the findings by Kandror and 
colleagues. A 10-30% (w/v) non-equilibrium velocity sucrose gradient of rat adipose 
cells suggested that 60% of GLUT4 co-sedimented with TfR, and both sedimented 
away from the bulk of microsomal proteins, (Kandror et al., 1995; Kandror and Pilch, 
1998). The results in this chapter show that GLUT4 is not associated with TfR and that 
the TfR sediments with the bulk of the microsomal proteins. However, other published 
results complement our findings, (Haney et al., 1991; Herman et al., 1994; Marshall et 
al., 1993; Piper et al., 1991). The analysis of GLUT4 and GLUT1 from 3T3-L1 
preadipocytes on sucrose density gradients revealed that GLUT4 compartments were 
distinct from other intracellular vesicles including GLUT1, (Haney et al., 1991). 
Marshall and colleagues employed a 12%-50% sucrose density gradient to show similar
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results using Xenopus oocytes transfected with GLUT4, (Marshall et al., 1993). 
Glycerol gradients of PC 12 cells transfected with GLUT4 showed that the majority of 
TfRs migrated in fractions which are separate from the major GLUT4 pool, (Herman et 
al., 1994). The buoyant density of GLUT4 in the sucrose gradients were found to be 
approximately 1.13 g/cm (Haney et al., 1991; Kandror et al., 1995). In the glycerol 
gradients the fractions in which GLUT4 sedimented partially contained 50% (w/v) 
sucrose and 25% (w/v) glycerol. The glycerol corresponds to a density of 1.06 g/ cm
The separation of the bulk of GLUT4 from TfR on the glycerol gradients suggests a 
specialised compartment exists which is distinct from the recycling system. In the 
presence of insulin the GLUT4 pool was shifted by one fraction from the slow to high 
sedimenting area of the gradient. This shift in GLUT4 buoyancy has been shown in 
previous studies, (Kandror et al., 1995). The increase in density of the GLUT4 vesicles 
could be accounted for the priming of the vesicles with adaptor proteins to dock with 
the PM, (Gillingham et al., 1999). The shift may also represent the generation of a 
separate GLUT4 compartment that cannot be resolved using density glycerol gradients. 
James and Pilch also tried and failed to resolve distinct intracellular GLUT4 
compartments with sucrose density gradients, (James and Pilch, 1988). The technique of 
density gradient analysis (using glycerol or sucrose) to separate GLUT4 compartments 
may be limiting. The presence of different GLUT4 compartments associated with the 
TGN, endosome or in a separate specialised compartment may not have been detected 
with gradient analysis, as all the vesicles will show similar characteristics of density and 
size.
Recently, a novel method involving hypotonic lysis and glycerol velocity sedimentation 
of rat adipocytes has provided evidence for three distinct pools of intracellular GLUT4: 
a major insulin sensitive storage pool, an insulin sensitive exocytotic compartment, and 
a insulin insensitive fraction, (Lee et al., 1999). The paper argues that hypotonic lysis of 
rat adipocytes to produce ghosts, (Rodbell, 1967) instead of conventional mechanical 
homogenization provides better material for the analysis of different GLUT4 pools. The 
results presented in this chapter show little evidence for different GLUT4 pools. This 
could be due to a loss of information on compartment-specific protein functions caused 
by vesiculation from the mechanical shearing of homogenising the cells. Guilherme has 
recently carried out gradient studies and has identified microtubule filaments associated 
with GLUT4 enriched membranes purified by novel means, (Guilherme et al., 2000).
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The purification of GLUT4 enriched membranes involved a 10%-35% (w/v) sucrose 
velocity centrifugation, (Heller-Harrison et a l,  1996; Kandror et a l, 1995) followed by 
loading the GLUT4 containing fractions onto a 10-65% (w/v) equilibrium sucrose 
density gradient. This method produced two GLUT4 pools, an insulin-sensitive and an 
insulin-insensitive pool. The large amount of GLUT4 was found to be insulin- 
insensitive. Guilherme and colleagues also found that the TfR and VAMP2 were 
completely co-sedimenting to the insulin sensitive fractions of the GLUT4 pool on the 
gradients. However, TfRs are thought to be present mostly in recycling endosomes 
which show only a small sensitivity to insulin (Hashiramoto et a l, 2000; Millar et a l,  
1999b). The results from Guilherme seem to suggest that recycling endosomes may 
have contaminated the insulin-sensitive fractions.
The 1 h 14% iodixanol self-forming gradient with white rat adipocytes resolved GLUT4 
into two pools: one large pool at the bottom of the gradient and the other a smaller pool 
at the top of the gradient. An approximate 84% of total intracellular GLUT4 resided in 
the larger pool, which declined with insulin-stimulation. There was a slight shift (of one 
fraction) of GLUT4 towards the lighter end of the gradient. Whether this is significant, 
or not it is not certain. However, a similar shift in GLUT4 distribution has been seen in 
the glycerol gradients presented in this study and in others, (Gillingham et al., 1999). 
When cells were insulin-stimulated the smaller GLUT4 pool did not show a reduction 
in the amount of GLUT4. Instead there was a slight increase in the amount of GLUT4 
in pool 1. This increase may be from entry of GLUT4 from pool 2. This increase of 
GLUT4 associated with endosomes after insulin-stimulation has also been seen in 
brown adipocytes and white rat adipocytes (Slot et al., 1991a; Ramm et a l, 2000). Only 
16% of GLUT4 vesicles (in pool 1) co-sedimented with 97% of EEA1. Ramm and 
colleagues also reported a lack of co-localisation between EEA1 and GLUT4 (Ramm et 
al., 2000). The results suggest that the GLUT4 vesicles from pool 1 are associated with 
endosome and the GLUT4 vesicles from pool 2 acts as an insulin-responsive storage 
compartment. The majority of sortilin resided in pool 2. With insulin-stimulation the 
highest peak of sortilin shifted towards the lighter end of the gradient as did GLUT4, 
but there was no decline in the levels of sortilin. To support these findings, sortilin has 
been found to be associated with GLUT4 (Lin et al., 1997; Petersen et al., 1997) but 
insulin has only elicited a 1.7-fold increase in the amount of sortilin at the plasma 
membrane in 3T3-L1 adipocytes, (Morris et a l,  1998). This explains the shift in sortilin 
distribution along the gradient and the lack of response of sortilin to insulin. The TfR
was not insulin-responsive in either pool 1 or 2. This was expected as insulin is known 
to increase TfR at the plasma membrane only by 3-fold (Davis et al., 1986). 
Surprisingly, the endosomal TfR was distributed equally between both GLUT4 pools. It 
was expected that pool 1 would contain more TfRs than pool 2. How can we be sure 
that pool 2 represents a GLUT4 storage compartment, when the TfR has been shown to 
co-sediment here? The overlap in distribution of GLUT4 and TfR may suggest that 
GLUT4 vesicles in pool 2 are probably derived from recycling endosome and/or TGN. 
Perhaps the GLUT4 vesicles are continuously recycling between the GLUT4 storage 
pool and the endsosomes. To support this hypothesis, Wei and colleagues have 
identified a population of small vesicles where GLUT4 trafficking is blocked in a non­
insulin responsive compartment at room temperature (Wei et al., 1998).
Hashiramoto and James resolved GLUT4 from 3T3-L1 adipocytes into two peaks on 
14% iodixanol gradients: dense pool, 44%: light pool, 39% (Hashiramoto and James, 
2000). The dense pool was relatively devoid of endosomal markers and corresponds to 
the GSVs. Interestingly, this insulin-sensitive pool lost its ability to translocate GLUT4 
when cells were exposed to chronic insulin, (Maier and Gould et al., 2000). The work 
described in this chapter on the analysis of the 14% iodixanol LDM gradients of the rat 
adipocytes differed from the results on 3T3-L1 adipocytes in several aspects 
(Hashiramoto and James, 2000). Firstly, there was roughly an equal distribution of 
GLUT4 between the two GLUT4 pools (dense pool, 44%: light pool, 39%) when the 
LDM from 3T3-L1 adipocytes were used. This contrasts with the results from the rat 
adipose tissue. Only 16% of the total rat adipocyte GLUT4 was found in the lighter pool 
of the gradient compared to 84% in the dense fractions. An explanation for this 
observation may be due to cell type. The bulk of rat adipose GLUT4 was found in one 
major pool (compared to other GLUT4 containing cell types e.g. 3T3-L1 and CHO cell 
lines), which indicates that there is more effective sequestration of GLUT4 in rat 
adipocytes. Malide and colleagues have noticed that rat adipocytes cultured for 24 h 
produced an altered staining of GLUT4 to that seen in freshly isolated cells, (compare 
Malide et al., 1996 to Malide et al., 1997a). It was proposed that GLUT4 may be 
excluded from the early endosome system in freshly isolated rat adipose cells due to 
very efficient sorting of GLUT4 from recycling receptors which may be lost in cell 
lines. The rat adipose cell may express numerous storage compartments that accumulate 
on gradients in the insulin-responsive pool. Interestingly, CHO cells have less GLUT4 
in the gradient peak exhibiting the higher insulin responsiveness in comparison to the
3T3-L1 adipocytes (Hashiramoto and James, 2000). The opposite was found with rat 
adipose cells. The results suggest that the storage compartment may exist in rat 
adipocytes, but is far abundant than that found in CHO cells or 3T3-L1 cells. 3T3-L1 
cells are thought to be less phenotypically mature than rat adipocytes, in part because 
they express more GLUT1 than GLUT4, (Calderhead et al., 1990). The rat adipose 
iodixanol gradients clearly show that the majority of GLUT4 resides in a compartment 
away from the early endosomes and is insulin-responsive.
GLUT4 Association with Endosomal Compartments
Most studies agree that there is a major GLUT4 compartment that is distinct from 
endosomes and TGN, however the degree of overlap is variable dependent on the 
experimental method or cell type used, e.g., isolated rat adipocytes versus 3T3-L1 
adipocytes. Can we be sure that GLUT4 in all cell types has the same association with 
TfR? Table 5.4 (page 143) compares studies where the amount of GLUT4 associated 
with the endosomal system varied.
A comparison of the 3T3-L1 and rat adipocyte iodixanol gradients has shown a 
difference in the amount of GLUT4 associated with endosomes. This needs to 
confirmed with further repetitions of the same experiments. To examine the amount of 
GLUT4 associated with endosomes in various tissue types, we have used mathematical 
constructs that were originally developed by Holman and colleagues (Holman et al., 
1994). The constructs were designed to demonstrate the recycling of GLUT4 based on 
one or multiple intracellular GLUT4 compartment systems with the aid of kinetic and 
biochemical data of GLUT4 movement. The model of one intracellular GLUT4 pool 
has been shown not to support any of the biochemical data outlined above. The three 
state model, (Figure 5.14, page 144) was used to consider whether GLUT4 moved from 
the cell surface through the early endosome/TGN recycling system, (Hresko et al., 
1994; Slot et al., 1991a; Slot et al., 1991b) to form TV elements in an intracellular 
sequestered compartment, (Herman et al., 1994; Livingstone et al., 1996; Malide et a l, 
1996; Martin et al., 1996a). Direct evidence has not been produced for the movement of 
GLUT4 vesicles between early endosome and a GSV compartment, but several studies 
have suggested that this model may be feasible, (Wei et al., 1998; Ramm et al., 2000; 
for review see Rea et al., 1997).
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Table 5.4: Proportion of Cellular GLUT4 Associated with the Endosomal System
Reference Technique Cell Type Basal GLUT4 associated 
with endosomal 
compartments/markers
Tanner and Lienhard, 
1989
Immunoadsorption 3T3-L1 adipocytes 33% of GLUT4 predicted 
to associate with TfR
Kandrorand Pilch, 1998 Immunoadsorption White rat adipocytes 60% of total TfR associated 
with GLUT4
Aledo et al., 1995 Immunoadsorption Rat skeletal muscle None
Livingstone et al., 1996; 
Martin et al., 1996a
Endosome Ablation 3T3-L1 adipocytes 40% of GLUT4 non­
ablated
Millar et al., 1999b Endosome Ablation 3T3-L1 adipocytes Inhibition of 30% of 
insulin-stimulated GLUT4
Herman et al., 1994 Glycerol gradient velocity 
sedimentation
PC 12 cells transfected 
with GLUT4 cDNA
none
Lee et al., 1999 Glycerol gradient velocity 
sedimentation
White rat adipocytes 50% of GLUT4 in same 
fractions as TfR
Aledo et al., 1997 Discontinous sucrose 
gradient
Rat skeletal muscle Partial overlap with TfR
Hashiramoto and James, 
2000
14% Iodixanol Gradients 3T3-L1 adipocytes 39% of GLUT4 in same 
fractions as TfR
This Study, Chapter 5 14% Iodixanol Gradients White rat adipocytes 16% in same fractions as 
EEA1 and associated with 
50% of TfR
Hudson et al., 1993 Immunofluorescence
microscopy
PC 12 cells transfected 
with GLUT4 cDNA
Partial overlap
Malide et al., 1997a Immunofluorescence
microscopy
White rat adipocytes No co-localisation with 
TfR
Bogan and Lodish, 1999 Immunofluorescence
microscopy
3T3-L1 adipocytes 50% associates with TfR
Powell et al., 1999 Immunofluorescence
microscopy
3T3-L1 adipocytes Partial overlap with TfR
Slot et al., 1991a Immunogold electron 
microscopy
Brown rat adipocytes 3.8% of GLUT4 associated 
with early endosomes






Little overlap with TfR
Ploug etal., 1998 Immunogold electron 
microscopy
Rat skeletal muscle 50% overlap with TfR
Ramm et al., 2000 Immunogold electron 
microscopy









figure 5.14: Membrane Protein 3-Pool Recycling Model.
GLUT4 is thought to recycle between the plasma membrane, early endosomes and 
GLUT4 Storage Vesicles (GSV). The model takes into account the possibility of 
forward and reverse rate constants for endocytosis, exocytosis and sequestered GLUT4.
The three-pool model was assigned forward and reverse rate constants for endocytosis, 
exocytosis and sequestered GLUT4, termed ken, kex and ksq, respectively. The 
equations used for the mathematical model are shown in Appendix I. Using the 
parameter values previously described, a veiy small pool size for the endosomal/TGN 
compartment is predicted. Although this may be appropriate in simulation of the rat 
adipocyte situation, other systems probably have a greater proportion of GLUT4 in this 
compartment. Therefore the parameters for the model are altered here to determine 
which most markedly alters the distribution of GLUT4 between the two intracellular 
pools. The mathematical model was used to generate a graph representing the 
movement of internalised labelled and total GLUT4, (for example see Figure A, page 
145). The graphs generated were for the internalisation of GLUT4, internalisation of the 
label and the proportion in endosomes using the parameters published by Holman and 
colleagues, (Figure A). The values of the rate constants are also given in each 
simulation, (Figure A). At time 0 min the cells are insulin-stimulated and after 40 min 
of internalisation the cells are in the basal state. The total cellular pool of GLUT4 is 
distributed between a  plasma membrane form (Tp) and the two intracellular pools, the 
early endosomes (Tee) and the intracellular sequestered compartment, otherwise known 
as the GSV (fisc). The labelled GLUT4 is distributed between a plasma membrane 
form (Lp) and the two intracellular pools, the early endosomes (Lee) and the GSV 
(Lise). Several different combinations of rate constants were examined so that the 
fraction of the total cellular GLUT4 associated with the early endosomes (FTee) would
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Figure A: Simulation o f the glucose transporter subcellular trafficking using the 3-pool m em brane protein recycling 
model. The fractional steady state pool sizes o f  Tp, Tee, and Tisc in the basal (40 mins) and insulin-stimulated states (0 mins) 
are 0.059, 0.037, and 0.90, and 0.53, 0.21, and 0.26, respectively. The cell surface labelled GLUT4 at the plasma membrane, 
early endosomes and GSV are respectively, 1, 0 and 0 for the insulin-stimulated state and 0.1, 0.06 and 0.8 after 
internalisation. Only a fraction o f  0.038 and 0.069 o f  the total cellular GLUT4 and labelled GLUT4, respectively, resides in 
the early endosome compartment at the basal state.
membrane. These values seem to fit the 14% iodixanol 3T3-L1 data. A reverse rate 
constant, rken was introduced into the simulations, (Figure G). This reduced the amount 
of basal GLUT4 at the endosomes, leaving more cellular GLUT4 at the plasma 
membrane.
From the simulations it has been shown that altering the rksq, alters the net 
sequestration of GLUT4 to produce the best fit to the biochemical data of this study and 
the James and Hashiramoto study. A large rksq gave a small net sequestration of 
GLUT4 with a large population of GLUT4 associated with endosomes (3T3-L1 
adipocytes). In contrast, a small rksq gave a large net sequestration of GLUT4 with a 
small population of GLUT4 associated with endosomes (rat adipocytes).
Conclusions
Glycerol equilibrium density gradient centrifugation has been shown to be inadequate in 
resolving distinct intracellular pools of GLUT4. Self-forming gradients using 14% 
iodixanol were more successful in resolving different GLUT4 pools. Two pools of 
GLUT4 vesicles were successfully separated into an insulin sensitive and insulin- 
insensitive pool. The insulin-sensitve pool in the rat adipocytes was much larger than 
that found in 3T3-L1 adipocytes. This suggested that the 3T3-L1 cells may not generate 
net sequestration GLUT4 into its storage compartment as readily as in rat adipocytes. 
The computer simulations show that the inclusion of a reverse rate constant in the 
model improves the fit to data on 3T3-L1 cells and cells in which the endosome 
compartment is large. This is less necessary in rat adipocytes where the proportion of 
GLUT4 in the endosome compartment is quite small.
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Table 5.5: Amount of GLUT4 associated with endosomes, plasma membrane and 






Percentage of basal cellular GLUT4 
associated with:
Tee Tisc Tp
A - 3.8 90 5.9
B ksq 0.06 min'1 13 82 4.6
C ksq 0.01 min*1 63 35. 1.6
D rksq 0.15 min 1 48 47 4.4
E rksq 0.06 min'1 28 66 5.2
F rksq 0.01 min' 8.9 85 5.8
G rken 0.06 min" 4.7 81.5 13
Note: Parameters set at the beginning before alterations are: ken: 0.06 m in 1; ksq: 0.15 min'1; kex 
basal/insulin: 0.001/0.012 min'1.
The ksq was reduced from 0.15 m in1 to 0.06 min'1 (Figure B) or 0.01 min'1 (Figure C). 
When the ksq was altered to 0.06, the amount of total cellular GLUT4 in the plasma 
membrane, early endosomes and GSV of insulin-stimulated and basal cells were 40%, 
40% and 20%, and 4.6%, 13% and 82%, respectively. The proportion of total cellular 
GLUT4 in the endosomes was 13%. A decrease in the ksq to 0.01 simulated total 
cellular GLUT4 to be 13%, 80.9% and 6.7%, in insulin-stimulated plasma membrane, 
early endosomes and GSV, respectively, (Figure C). The total basal cellular GLUT4 
was 1.6%, 63% and 35%, in the plasma membrane, early endosomes and sequestered 
compartment. The proportion in the endosomes was too high to fit both the 3T3-L1 and 
rat adipocyte 14% iodixanol data.
To simulate GLUT4 dynamically moving from the GSV to the early endosomes, the 
rksq parameter was included in the 3-pool membrane recycling model. With the rksq of 
0.15 min'1 the total cellular GLUT4 in the endosomes is roughly equal to that found in 
the sequestered compartment, (Figure D). The rksq was reduced to 0.06 min'1 and 0.01 
min'1, Figures E and F, respectively. The simulation with the parameter set at rksq 0.01 
min'1 leaves 8.9% of cellular GLUT4 at the endosomes in the basal state which would 
approximately fit the data on 14% iodixanol gradients with rat adipocytes. The 
intermediate rksq gives a reasonable amount of total cellular GLUT4 (28%) in basal 
endosomes. This also reduces the amount of cellular GLUT4 found at the plasma
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be 3-40% (depending on cell type, see Table 5.4) without substantially altering the 
amount of GLUT4 known to be associated in the TV elements and the plasma 
membrane.
To examine which parameters had the greatest effect on the endosome pool size only 
some parameters were altered as follows. The endocytosis value, ken was kept constant 
It has been shown by this lab and others that insulin does not significantly effect the rate 
of internalization of GLUT4 in comparison to GLUT4 exocytosis. Hie rate of GLUT4 
endocytosis has been shown to decrease (1.3 - 3-fold) (Czech et a l , 1993; Czech, 1995; 
Holman and Cushman, 1996; Jhun et al., 1992; Kandror and Pilch, 1996; Satoh et a l, 
1993; Yang and Holman, 1993). The ken was kept at 0.06 min"1 and the kex at 0.001 
min"1 (basal state) or 0.12 min'1 (insulin-stimulated state) (Holman et a l,  1994). To 
ascertain if a trafficking route between the early endosomes and GLUT4 storage 
compartment is feasible the parameters altered where die ksq, rksq, and rken.
The fractional steady state pool sizes o f Tp, Tee, and Tisc in the basal (40 min) and 
insulin-stimulated states (0 min) are 0.059, 0.037, and 0.90, and 0.53, 0.21, and 0.26, 
respectively, (Figure A). The cell surface labelled GLUT4 at the plasma membrane, 
early endosomes and GSV are respectively, 1, 0 and 0 for the insulin-stimulated state 
and 0.1, 0.06 and 0.8 after internalisation. Clearly it can be seen that only a fraction of 
0.038 and 0.069 of the total cellular GLUT4 and labelled GLUT4, respectively, resides 
in the early endosome compartment at the basal state. The fractions shown can be 
expressed as a percentage by multiplying the values by 100, giving only 3.8% of total 
cellular GLUT4 in the endosomes (FTee). A summary of the altered parameters and 
their outcomes is given in Table 5.5, page 147.
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Figure B: Simulation o f the glucose transporter subcellular trafficking with ksq decreased to 0.06 min*1. The fractional 
steady state pool sizes o f  Tp, Tee, and Tisc in the basal (40 mins) and insulin-stimulated states (0 mins) are 0.046, 0.13, and 
0.82, and 0.4, 0.4, and 0.2, respectively. The cell surface labelled GLUT4 at the plasma membrane, early endosomes and GSV 
are respectively, 1, 0 and 0 for the insulin-stimulated state and 0.097, 0.22 and 0.68 after internalisation. 13% o f  the total 
















—  TISC CALC o
2
Time (min) 

























Figure C: Simulation of the glucose transporter subcellular trafficking with ksq decreased to 0.01 min-1. The fractional 
steady state pool sizes o f  Tp, Tee, and Tisc in the basal (40 mins) and insulin-stimulated states (0 mins) are 0.016, 0.63, and 
0.35, and 0.13, 0.80, and 0.066, respectively. The cell surface labelled GLUT4 at the plasma membrane, early endosomes and 
GSV are respectively, 1, 0 and 0 for the insulin-stimulated state and 0.09, 0.69 and 0.21 after internalisation. 63% o f  total 
cellular GLUT4 resides in the early endosome compartment at the basal state. There is very little total cellular GLUT4 in the 
GSV (time 40 mins) or the plasma membrane (time 0 mins).
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Figure D: Simulation o f the glucose transporter subcellular trafficking with rksq at 0.15 min-1. The fractional steady 
state pool sizes o f  Tp, Tee, and Tisc in the basal (40 mins) and insulin-stimulated states (0 mins) are 0.044, 0.48, and 0.47, 
and 0.41, 0.38, and 0.21, respectively. The cell surface labelled GLUT4 at the plasma membrane, early endosomes and GSV 
are respectively, 1, 0 and 0 for the insulin-stimulated state and 0.096, 0.46 and 0.44 after internalisation. 50% o f  total cellular 
GLUT4 resides in the early endosome compartment at the basal state.. The total cellular GLUT4 in the GSV is also 50%.












































Figure E: Simulation o f the glucose transporter subcellular trafficking with rksq at 0.06 m in'1. The fractional steady 
state pool sizes o f  Tp, Tee, and Tisc in the basal (40 mins) and insulin-stimulated states (0 mins) are 0.052, 0.28, and 0.66, 
and 0.47, 0.28, and 0.23, respectively. The cell surface labelled GLUT4 at the plasma membrane, early endosomes and GSV 
are respectively, 1, 0 and 0 for the insulin-stimulated state and 0.09, 0.28 and 0.61 after internalisation. A fraction o f  30% o f  
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Figure F: Simulation o f the glucose transporter subcellular trafficking with rksq at 0.01 m in'1. The fractional steady 
state pool sizes o f  Tp, Tee, and Tisc in the basal (40 mins) and insulin-stimulated states (0 mins) are 0.058, 0.088, and 0.85, 
and 0.51, 0.22, and 0.25, respectively. The cell surface labelled GLUT4 at the plasma membrane, early endosomes and GSV  
are respectively, 1, 0 and 0 for the insulin-stimulated state and 0.19, 0.067 and 0.73 after internalisation. 8.9% o f total cellular 
GLUT4 is in the early endosomes in the basal state.
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Figure G: Simulation o f the glucose transporter subcellular trafficking with rken at 0.06 m in'1. The fractional steady 
state pool sizes o f  Tp, Tee, and Tisc in the basal (40 mins) and insulin-stimulated states (0 mins) are 0.13, 0.047, and 0.81, 
and 0.60, 0.17, and 0.21, respectively. The cell surface labelled GLUT4 at the plasma membrane, early endosomes and GSV  
are respectively, 1, 0 and 0 for the insulin-stimulated state and 0.19, 0.06 and 0.73 after internalisation. The total cellular 
GLUT4 in the early endosomes in the basal state was 5%, less than that found at the plasma membrane (13%).
6.0 Conclusions
The aims of this study were to establish novel methods for examining GLUT4 
trafficking and distribution between different subcellular locations in rat adipocytes.
The first approach was to develop a probe that could be accessible in intact cells. A Bio- 
LC-G15 photolabel was developed. This compound contained a very long spacer arm 
between the photolabel and the biotin molecule. It was postulated that the long spacer 
arm would allow the biotin to interact with avidin at the cell surface and thus provide a 
means of distinguishing internalised GLUT4. The Bio-LC-G15 tagged GLUT4 
efficiently and was used to directly measure GLUT4 exocytosis, (kex: 0.24 min'1). 
Experiments were conducted to visualise tagged GLUT4 in intact cells with the use of 
confocal microscopy. Hashimoto was able to detect tagged GLUTs in erythocytes, 
(Hashimoto et al., 2001a). This was not seen in whole cell rat adipocytes, as 
background labelling was too high.
A cleavable label, Bio-SS-ATB-BGPA was used in the second approach. It was 
postulated that the use of a cleavable disulphide bridge would allow the investigator to 
distinguish cell surface and internal GLUT4 and thereby use the compound as a means 
to trace GLUT4 movement between these compartments. The Bio-SS-ATB-BGPA did 
not efficiently tag GLUT4 in white rat adipocytes. In contrast, the Bio-SS-ATB-BGPA 
labelled GLUT1 in erythocyte membranes. It was unclear why the label detected 
GLUTs in erythrocyte membranes and not in rat adipocytes. This characteristic of the 
label may have been attributed to the buffer in which the cells were placed for labelling 
(PBS or BSA).
GLUT4 is thought to reside in a storage compartment away from the endosomal pool.
Some studies have suggested that the carboxyl-terminal of GLUT4 is masked in basal
cells. It has been postulated that this epitope masking may act to retain GLUT4 in a
specialised compartment. The epitope-masking was re-examined here by using a novel
amino-terminal and a carboxyl-terminal GLUT4 antibody in whole cell rat adipocytes.
The results suggested that the amount of GLUT4 detected with the carboxyl-terminal
GLUT4 antibody was lower in basal cells than in insulin-stimulated cells. The amount
of GLUT4 detected with the amino-terminal GLUT4 antibody did not vary between
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basal and insulin-stimulated cells. These results are only preliminary findings and need 
to be quantified, perhaps by using electron microscopy.
The population of GLUT4 in the storage compartment has been shown to differ 
depending on experimental methods and cell types (Table 5.4). Gradient centrifugation 
was used as a means to separate different intracellular compartments. It was hoped that 
this would identify GLUT4 populations in white rat adipocytes. Glycerol gradient 
centrifugation only revealed one population of GLUT4 vesicles, which were separate 
from endosome compartments. 14% iodixanol gradients identified two GLUT4 
populations: one insulin-sensitive (GSV) and the other of endosomal origin. The 
GLUT4 population in 3T3-L1 cells also fell into two similar pools (Hashiramoto and 
James, 2000). However, the 3T3-L1 adipocytes were shown to have a larger population 
of GLUT4 vesicles associated with the endosome compartment. It was postulated in this 
thesis that the levels of sequestration of GLUT4 from endosomes into a storage 
compartment differed in 3T3-L1 and rat adipocytes. The results point towards a 
dynamic system where GLUT4 vesicles are constantly shuttling between the GSV and 
an endosome compartment in basal cells. Computer simulations reveal that the reverse 
rate constant for sequestration is important in 3T3-L1 adipocytes to fit this model.
The studies have shown that to be able to fully understand the underlying mechanism of 
GLUT4 trafficking, it would be necessary to first understand fully the morphological 
characteristics of all cell types and their respective compartments. Future studies should 
examine the extent to which results obtained in cultured cells are representative of the 
regulation of glucose transport in adipose cells. Electron microscopic studies of the 
fractions from gradients may also be used to characterise GLUT4 vesicles associated 
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Abstract
New diazirine based bis-glucose derivatives for tagging glucose transporters have been synthesised. These included 
two biotinylated com pounds linked either by an am inocaproate o r by a cleavable dithiol link. These com pounds have 
been derivatised via a key skeleton com pound th a t can be easily used for introduction o f additional tags. Studies on 
the erythrocyte glucose transporter (G LU T1) and the insulin-stim ulated adipose cell transporter (G LU T4) have 
revealed the biotinylated photoreactive bis-glucose com pounds are effective labelling reagents. ©  2001 Elsevier 
Science Ltd. All rights reserved.
Keywords: Bis-glucose; Biotin; Photolabels; Glucose transporters
1. Introduction
There are five major glucose transporters in 
mammalian tissues (GLUTs 1 -5 )1 but new 
isoforms are being discovered.2 These proteins 
catalyse one o f the most important cell mem­
brane transport events since glucose plays a 
central role in cellular homeostasis and 
metabolism.
The GLUT transporters have broad specifi­
cities for hexoses and, in addition to glucose, 
other monosaccarides such as galactose and 
mannose are transported. Previous studies 
have established that bulky groups are toler­
ated around the 4-OH position when the 
hexose occupies the exofacial binding sites of
♦Corresponding author. Tel.: +44-1225-826874; fax: +  
44-1225-826779.
the transporters.3 We have previously found 
that a bis-hexose structure has advantages for 
photolabelling o f the exofacial surface o f the 
transporters. The bis-structure allows a hydro- 
phobic moiety to be inserted in the bridge in a 
form that produces a molecule, that overall, 
still has a hydrophilic character and is water- 
soluble. In addition, the bis-hexoses are bulky 
and consequently act as powerful inhibitors o f  
glucose transport but are not themselves 
transported because o f steric constraints im­
posed by the bulky substituents. Consequently 
as these probes are too hydrophilic to enter 
cells through the membrane lipid, they act 
specifically at the exofacial binding site. This 
bis-structure has previously been reported for 
bis-mannose4 linked by a 2-propylamine 
bridge and bis-glucose derivatives linked by a 
secondary amine bridge.5 The bis-mannose
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ing a biotinylated derivative6 have been partic­
ularly useful in tagging the glucose trans­
porters and therefore we have examined here a 
bis-glucose compound with the versatile 2- 
propylamine bridge. The choice o f photoreac­
tive substituent for studying glucose 
transporters was also considered to be impor­
tant. Bis-mannose derivatives in which aryl 
azide or benzophenone groups have been in­
troduced have been previously described.7,8 
The disadvantages o f the aryl azides is that 
nucleophilic side reactions reduce the specific­
ity o f the labelling reaction while the disad­
vantage o f the benzophenone groups is that 
long irradiation times are needed to produce a 
high yield o f cross-linked adduct. By contrast, 
diazirine groups have been found to generate 
highly reactive carbenes smoothly and specifi­
cally with short irradiation times. Further­
more, we have found that a carbene- 
introduced linkage is more stable than those 
introduced by the other two species.9 We have 
consequently concluded that diazirine is the 
most useful photophor10,11 and have synthe­
sised new bis-glucose compounds that contain 
this photoreactive group. We have chosen to 
introduce biotin groups attached by either 
amino-hexanoate or cleavable dithiol links. 
The advantage o f the latter is that it allows 
release, under mild reducing conditions at 
moderate temperatures, o f the photolabelled
_2_ £
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Fig. 1. (i) (a) NaH. DMF, room temperature; (b) 1.3- 
dichloro-2-propane benzyloxime, room temperature. 74%. (ii) 
H2. Raney nickel, ethanol. H20 . NH4OH. room temperature. 
94%. (in) 1 M HCI. 100 °C. ouant.
protein from the avidin or streptavidin matrix 
used to isolate and purify the protein. We 
have found that the release o f photolabelled 
transporters, tagged with the previously de­
scribed biotin-amino-hexanoate linked bis- 
mannose photolabel Bio-LC-ATB-BMPA, 
from streptavidin agarose requires that the 
adduct be heated at 100 °C for 30 min in the 
presence o f denaturing SDS.
In our consideration o f the route to produce 
new bis-glucose photolabels we thought it use­
ful to prepare a key intermediate that could 
subsequently be used to introduce new tags as 
required. In this paper we describe the synthe­
sis o f novel amino BOC protected diazirine- 
based photoreactive bis-glucose derivative as 
this key intermediate. Removal o f a BOC 
protecting group leaves an amine group that 
can then be easily coupled to any probe moi­
ety containing a carboxylate group via amide 
bond formation. To determine the utility of 
the approach we studied the interaction o f the 
biotinylated bis-glucose photoaffinity probes 
with the human erythrocyte transporter, 
GLUT1 and the with the adipose cell trans­
porter, GLUT4.
2. Results and discussion
Synthesis o f  bis-glucose photoreactive 
probes.— The route for synthesis o f  the bis- 
glucose compounds is shown in Fig. 1. 2,3,5,6- 
Di- O -isopropylidene-D-glucose dimethyl 
acetal ( l ) 12 was converted to the 4-O-linked 
dimer 2 with l,3-dichloro-2-propanone O- 
benzyloxime. This crosslinking reagent has 
been previously used to synthesise bis-D-man- 
nose-2-propylamine.13 The reaction proceeds 
rapidly to a monochloro intermediate (which 
could be isolated and characterised) and then 
more slowly to the bis- compound. These 
conversions can be followed by thin layer 
chromatography (TLC). Following purifica­
tion, 2 was hydrogenated using Raney nickel 
as catalyst to give the amine 3 in good yield. 
The protecting acetal groups were then re­
moved by acid hydrolysis to generate the 1,3- 
bis(glucos-4-yloxy) 2-propylamine compound 
(4).




Fig. 2. (i) BBr3, CH2C12, room temperature, 64%. (ii) 2-[2-(2-/erf-Butoxycalbonylaminoethoxy)ethoxy]ethyl bromide, K2C 0 3, 
n-Bu4NI, DMF, 60 °C, 91%. (iii) n-Bu4N M n04, pyridine, room temperature, 90%. (iv) N-Hydroxysuccinimide, dicyclohexylcar- 
bodiimide, CH2C12, CH3CN, room temperature, 99%.
12 12
Fig. 3. (i) 0.1 M NaHCOj, DMF, room temperature, 88%. (ii) 50% Trifluoroacetic acid, CH2C12, 0 °C. 86%. (iii) W-Biotinylamino 
caproic acid W-hydroxysuccinimide ester, 0.1 M N aH C 03-D M F, room temperature, 37%. (iv) ([2-(Biotinyl)ethylamido]-3,3'- 
dithiodipropionic acid N -hydroxysuccinimide ester, 0.1 M NaHCQ3-D M F, room temperature, 40%.
We have previously reported the synthesis 
of a diazirinyl aryl carboxylate with a 
polyether spacer linked to biotin14 that can be 
used to biotin tag proteins directly. However, 
we considered it more useful in the present 
study to synthesise from 4, a photoreactive 
skeleton compound first and then subse­
quently couple this to biotin via ether 
aminocaproate or dithiol linkers (Figs. 2 and 
3). Many more applications o f the intermedi­
ate 11 are then possible as it can be further 
substituted with any additional tags as re­
quired for additional applications. For synthe­
sis o f the key skeleton compound 11, we 
required the novel compound 9, the produc­
tion of which, itself required modifications of 
previously described syntheses (Fig. 2). We 
were able to achieve ether cleavage o f 5 15 with 
BBr3 without protection o f the aldehyde 
group o f this diazirine compound. Phenol 
alkylation with the BOC protected ethylene 
glycol spacer14 then afforded 7 in good yield. 
The aldehyde group o f 7 was then oxidised to 
the carboxylic acid in 8 which was then con­
verted to its //-hydroxy-succinimide ester 
derivative 9 (Fig. 2).
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The condensation o f compound 4 and 9 in 
nonaqueous conditions (triethylamine or mor- 
pholine in D M F) was slow and only produced 
low yields o f  10 (less than 20%), possibly due 
to low solubility o f the bis-glucose-2-propy- 
lamine compound in DM F We therefore used 
a w ater-D M F mixture for coupling. The bis- 
glucose-2-propylamine compound and the di­
azirine were dissolved in 0.1 M N aH C 03 and 
DM F, respectively. The reaction proceeded
12 13
g lu co se + +
dlth lo threito l +
Fig. 4. Chemiluminescence detection of photoaffinity labelled 
human GLUT1. Compounds 12 and 13 were used to photola­
bel GLUT1 purified from human erythrocytes. Glucose (0.17 
M) was added as a competitor for the binding site during the 
photolabelling reaction (lanes 2 and 4). The susceptibility of 
the dithiol bridge in GLUT1 photolabelled with compound 13 
to reducing agent was examined by adding 0.5 M dithiothrei- 
tol at room temperature for 15 min after the photolabelling 
reaction. Photolabelled samples were resolved by SDS-PAGE 
on 10% gels run under reducing conditions (compound 12) 
and non-reducing conditions (compound 13) and then trans­
ferred to nitrocellulose for analysis of the biotin signal by 
using avidin-HRP and ECL detection.
I
>
o 100 200 300 400
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Fig. 5. Determination of half maximal inhibition constants 
for bis D-glucose ligands. The uptake of tracer 2-deoxy-[MC]- 
D-glucose in insulin-stimulated rat adipose cells was deter­
mined at the indicated concentrations of compounds 12 (A ) 
and 13 (O). The rate constants (mean and S.E.M. are shown) 
for uptake in the presence (K) and absence ( V0) of inhibitor 
(I) which were then used to calculate the K, according to the 
equation V JV  = 1 + 1/K-,. Results shown are from three ex-
n e r im p n K
smoothly with a moderate yield o f the desired 
product.
The BOC protected skeleton was stable on 
storage and could be conveniently deprotected 
by TFA treatment for immediate coupling to 
an appropriate biotin-NHS ester as required. 
The biotinylated compounds studied here in­
cluded compounds with aminocaproate and 
dithiol spacers, compounds 12 and 13, respec­
tively (Fig. 3).
Photoaffinity labelling o f  human G LU T I .—  
Erythrocytes provide a rich source o f  GLUT1, 
which is present as 3-5%  o f the membrane 
protein. GLUT1 was purified as previously 
described.16 Purified GLUT1 was then mixed 
with stoichiometric amount o f compound 12 
or 13, and the samples were then irradiated 
and the protein was resolved by SDS-PAGE  
and transferred to nitrocellulose as described 
in Section 3. Extravidin peroxidase conjuga­
tion revealed strong biotinylated bands at ap­
proximately 50 kDa for both compounds 12 
and 13 and these signals were competitively 
reduced in the incubations with D-glucose 
(Fig. 4). Under the labelling conditions em­
ployed, the signal was therefore specific for 
the binding site o f GLUT1. One o f our aims 
was to test the feasibility o f using compound 
13 in experiments in which the biotin moiety is 
removed by a reducing agent that breaks the 
dithiol spacer arm. We therefore incubated the 
GLUT1 samples (phototagged with 13) either 
in the absence or presence o f dithiothreitol 
and resolved the labelled proteins under non­
reducing conditions (Fig. 4). The biotin group 
was found to be cleaved under quite mild 
conditions and therefore, this compound is 
likely to be useful in future studies in which 
release o f biotin-tagged protein or binding-site 
peptides under mild conditions is required.
Photolabelling o f  insulin-stimulated GLUT4 
in adipocytes.— To determine the affinity of 
the interaction between the ligands 12 and 13 
and GLUT4, each o f the compounds was 
tested as a competitive inhibitor o f 2-deoxy-D- 
glucose uptake into insulin-stimulated rat 
adipocytes (Fig. 5). K { values or half-maximal 
inhibition constants for 12 and 13 were 195 
and 142 jiM, respectively. The Kx value for 12 
was similar to, but slightly better than that of
th e  prm ivalpnt h is-m arm osp  m m n n iin H  R in-
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Fig. 6. Quantification of GLUT4 labelling. Rat adipose cells 
were UV irradiated in the presence of compound 12 at the 
indicated concentrations. Cell membrane protein was then 
isolated and solubilised. Streptavidin beads was then used to 
precipitate the biotin-tagged GLUT4, which was resolved by 
SDS-PAGE and detected using an anti-GLUT4 antibody, 
peroxidase coupled secondary antibody and ECL (A). The 
ECL signal was quantified by comparison with a GLUT4 
standard and the extent to which the labelling became satu­
rated with increasing ligand concentrations was determined 
(B).
LC-ATB-BMPA (Kt o f  273 pM Ref. 6). We 
have also determined the most appropriate 
concentration o f 12 to use in GLUT4-tagging 
experiments (Fig. 6). To do this we have pho­
tolabelled, washed and solubilised the adipose 
cell protein as described in Section 3 and then 
precipitated the biotin-tagged protein with 
streptavidin-agarose. A wash step then al­
lowed removal o f the non-biotinylated 
GLUT4. The precipitated material was next 
resolved by SDS-PAGE and an antibody to 
the C-terminal section o f  GLUT4 was used to 
detect the tagged protein (Fig. 6(A)). Only a 
single labelled band was obtained and the 
amount o f GLUT4 was quantified by refer­
ence with a standard containing a known 
amount o f this protein.17 This quantification 
(Fig. 6(B)) revealed that maximal tagging with 
biotin occurred when 200-400  pM ligand was 
used, a value that is consistent with the 
affinity constant revealed in the transport inhi­
bition experiments.
3. Experimental
General methods.— Silica Gel for column 
chromatography was Kieselgel 60 (E. Merck, 
230-400 mesh). Structural characterisations 
o f synthetic products were performed with a 
JEOL JNM GX-400 spectrometer ('H NM R) 
and a Micromass Autospec (MS). Elemental 
analysis was carried out by the microanalysis 
service (Bath University). The purity o f those 
compounds that were not available in suffi­
cient quantity for elemental analysis were de­
termined by a combination o f  diazirine UV  
detection, biotin detection and hexose detec­
tion techniques applied to the compounds on 
TLC plates. Furthermore, no extraneous lines 
were detected in the NM R spectra and UV 
spectra and extinction coefficients at 350 nM 
were consistent with those previously estab­
lished compounds containing the diazirine 
moiety. (Extravidin-peroxidase conjugate was 
obtained from Sigma. Chemiluminescence de­
tection reagent and Hyper-film ECL were ob­
tained from Amersham. Nitrocellulose 
membrane (BioTrace NT) was obtained from 
GelmanScience.)
1,3-Bis(2,3, 5, 6-di-O-isopropylidene-D-glucose 
dimethylacetal - 4-yloxy)- 2-propane - O - benzyl - 
oxime (2).— 2,3,5,6-Di-(9-isopropylidene glu- 
copyranosyl dimethyl acetal ( l ) 12 (2.36 g, 7.7 
mmol) was dissolved in D M F (15 mL). 
Sodium hydride (60%, 0.34 g, 8.5 mmol) was 
added to this solution at rt. After bubbling 
had ceased, 1,3-dichloro-2-propanone O- 
benzyloxime13 (0.89 g, 3.9 mmol) was added. 
The reaction mixture was stirred at rt for 2 h. 
Additional NaH (0.09 g, 2.2 mmol) was then 
added. The reaction mixture was stirred for a 
further 1 h, quenched by AcOH (0.3 mL) and 
partitioned between CH2C12 and water. The 
aqueous phase was further extracted into 
CH2C12 twice. The combined organic layer 
was washed with 1 M HC1, saturated 
N aH C 03 and satd NaCl, and then dried over 
N a2S 0 4. After filtration, the product was con­
centrated. The residue was purified with silica 
column chromatography (4:1 w-hexane- 
EtOAc) to afford a colourless oil (2.21 g, 
74%). 'H N M R  (CDC13): S 7.28-7.38 (5 H, 
m, Ph), 5.07 (2 H, s, NOCH2Ph), 4.58 (4 H, s, 
OCH2C=NO), 4.35 (2 H, d, / = 6 . 0  Hz, H -l),
124 M. Hashimoto et al. /  Carbohydrate Research 331 (2001) 119-127
4.30 (2 H, ddd, 7  =  5.0, 6.0, 6.0 Hz, H-5), 4.17 
(2 H, dd, 7 = 6 .0 ,  7.6 Hz, H-2), 4 .00-3 .95  (6 
H, m, H-3 and 6), 3.62 (2 H, dd, 7  =  2.6, 5.0 
Hz, H-4), 3.40 (12 H , s, OCH3), 1.37 (24 H, s, 
C(CH3) 2 ); FABMS: m /z  772 ([M +  H ]+); H R - 
FABMS: Calcd for C38H 62N 0 15 ([M +  H ]+) 
772.4119; Found 772.4110. Anal. Calcd for 
C38H 61N 0 15 C, 59.13; H, 7.97; N , 1.81. 
Found: C, 59.2; H, 7.82; N , 1.88.
1.3-Bis(2,3,5, 6-di-O-isopropylidene-D-glu- 
cose dimethylacetal-4-yloxy)-2-propylamine 
(3).— Compound 2 (2.02 g, 2.6 mmol) and 
Raney nickel (59%, 8 mL) were suspended in 
16:8:1 w a ter-E tO H -N H 3 (20 mL). The reac­
tion mixture was vigorously stirred at rt under 
a hydrogen atmosphere for 19 h. The mixture 
was filtered through Celite and was then con­
centrated. The residue was partitioned be­
tween EtOAc and water. The organic phase 
was washed with saturated NaCl, dried over 
N a2S 0 4, filtered and then concentrated to af­
ford a colourless oil (1.63 g, 94%). 'H N M R  
(CDC13): 8 4.36 (2 H , d, 7 =  6.2 Hz, H -l), 4.23 
(2 H, ddd, 7 =  5.0, 6.0, 6.0 Hz, H-5), 4.14 (2 
H, dd, 7 =  6.2, 7.4 Hz, H-2), 4 .03-3 .98 (6 H, 
m, H-3 and 6), 3.67 (1 H, t, 7 = 5 . 9  Hz, 
C H NH 2), 3.61 (2 H, dd, 7  =  2.4, 5.0 Hz, H-4), 
3.48 (4 H, d, 7 =  5.9 Hz> O C H J, 3.40 (12 H, 
s), 1.37 (24 H, s), 4.36 (4 H, d, 7 = 6 . 3  Hz), 
4 .3 -3 .5  (14 H, m), 4.00 (4 H, d, 7 = 6 . 3  Hz), 
3.45 (12 H, s, OCH3), 3.20 (1 H, m), 1.76 (1 
H, br), 1.42, 1.40, 1.34 (total 24 H, each s, 
C(CH3)2 ). FABM S: m /z  668 ([M +  H ]+); H R - 
FABMS: Calcd for C31H 58N 0 14 ([M +  H ]+) 
668.3857; Found 668.3848. Anal. Calcd For 
C31H „ N O 14-0.5 H 20 :  C, 55.02; H, 8.64; N , 
2.07. Found: C, 55.2; H, 8.52; N , 2.09.
1.3-Bis(D-glucopyranos-4-yloxy)-2-propyl- 
amine (4).— Compound 3 (0.56 g, 0.83 mmol) 
was suspended in 1 M HC1 (2 mL) and heated 
at 100 °C for 3 h. The reaction mixture was 
neutralised with Amberlite IRA-93 (OH form) 
and the resin was removed by filtration. The 
filtrate was concentrated to afford light brown 
oil (0.39 g, quant.). ’H N M R  (CD3OD): 3 
5.05 (1 H, d, 7 = 3 . 6  Hz, 1-a, 4.40 (1 H, d, 
7 = 7 . 6  Hz, 1-P), 3 .4 -4 .0  (17 H, m). FABM S  
m /z  416 ([M +  H ]+). H RFABM S Calcd for 
C ]5H 30N O I2 ([M +  H ]+): 416.1768. Found: 
416.1745.
2  - Hydroxy - 4 -  [3 - (trifluoromethyl) - 3H- 
diazirin-3-yl] benzaldehyde (6).— 2-Methoxy- 
4-[3-(trifluoromethyl)-3H-diazirin-3-yl] ben­
zaldehyde (5)15 (3.396 g, 13.9 mmol) was 
dissolved in CH2C12 at — 20 °C. BBr3 (1.4 mL, 
14.8 mmol) was added in portions. The reac­
tion mixture was stirred at 0 °C for 1 h and 
water was added to quench the reaction. The 
organic layer was washed with saturated 
NaCl, dried over M gS 04, filtered and then 
concentrated. The residue was purified with 
silica column chromatography (5:1 H-hexane- 
CH2C12) to afford a pale yellow oil (2.048 g, 
64%). JH  N M R  (CDC13): 8 9.90 (1 H, s, 
CHO), 7.59 (1 H, d, 7 = 7 . 9  H z, Ph), 6.07 (1 
H , d, 7 =  7.9 Hz, Ph), 6.75 (1 H, s, Ph). EIMS: 
m /z  230 ([M]+). HRM S Calcd for
C9H 5F 3N 20 2 ([M]+): 230.0303; Found:
230.0291.
2 -[2 -[2 -[2 - (2 - tert - Butoxycarbonylamino- 
ethoxy)etlioxy]ethoxy]- 4 - [3 - (trifluoromethyl')- 
3H-diazirin-3-yl] benzaldehyde (7).— Com­
pound 6 (2.001 g, 8.69 mmol), 2-[2-(2-tert- 
butoxycalbonylaminoethoxy)ethoxy]ethyl bro­
m ide,14 K2C 0 3 (1.999 g, 14.4 mmol) and 
«Bu4N I (0.403 g, 1.08 mmol) were suspended 
in D M F  (109 mL). The suspension was heated 
at 60 °C for 12 h, concentrated and parti­
tioned between EtOAc and water.'-The organic 
layer was washed with 1 M HC1, satd 
N a H C 0 3 and satd NaCl, and then dried over 
M g S 0 4. After filtration, the product was con­
centrated and subjected to silica column chro­
matography (1:1 «-hexane-E tO A c) to afford 
a pale yellow oil (3.658 g, 91%). !H N M R  
(CDC13): 8 10.48 (1 H, s, CHO), 7.85 (1 H, d, 
7 =  8.2 Hz, Ph), 6.86 (1 H, d, 7 =  8.2 Hz, Ph), 
6.74 (1 H, s, Ph), 4.27 (2 H, t, 7  =  4.7 Hz), 
3.92 (2 H, t, 7 =  4.7 Hz), 3.71 (2 H, m), 3.64 (2 
H, m), 3.54 (2 H, m), 3.32 (2 H, m), 1.43 (9 H, 
s, C(CH3)3). FABM S m /z  462 ([M +  H ]+). 
H RFABM S Calcd for C20H 27F 3N 3O6 ([M +  
H ]+): 462.1582; Found: 462.1844.
2 -[2 -[2 -[2 - (2 - tert - Butoxycarbonylamino - 
ethoxy)ethoxy]ethoxy]- 4-[3  - (trifluoromethyl)- 
3H-diazirin-3yl] benzoic acid (8).— Compound 
7 (2.135 g, 4.63 mmol) and tetra-
butylammonium permanganate (2.485 g, 6.87 
mmol) were dissolved in Py (45 mL) at rt and 
stirred for 2 h. The reaction mixture was 
diluted with toluene and washed with 1 M 
N a2S 0 4, 1 M HC1 and satd NaCl.
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The organic layer was dried over M gS 04, 
filtered and concentrated to afford a yellow oil 
(1.988 g, 90%). !H  N M R  (CDC13): 8 8.16 (1 
H, d, 7 =  8.2 Hz, Ph), 6.94 (1 H, d, 7 = 8 . 2  
Hz, Ph), 6.78 (1 H, s, Ph), 4.37 (2 H, m), 3.92 
(2 H, m), 3.72 (2 H, m), 3.65 (2 H, m), 3.55 (2 
H, m), 3.32 (2 H, m), 1.42 (9 H, s, s, C(CH3)3). 
FABMS: m /z  478 ([M +  H )+). H RFABM S  
Calcd for C20H 27F3N 3O7 ([M +  H]+):
478.1801; Found: 478.1799.
2 - [2- [2- [2- (2- tert - Butoxycarbonylamino - 
ethoxy)ethoxy]ethoxy] - 4 -[3 - (trifluoromethyl)- 
3H -diazirin-3-yI] benzoic acid N -hydroxysuc- 
cinimide ester (9).— N -hy dr oxysuccinimide 
(0.490 g, 4.26 mmol) and compound 8 (1.837 
g, 3.85 mmol) were dissolved in 5:1 CH2C12-  
CH3C N  (12 mL) at rt. Dicyclohexylcarbodi- 
imide (0.877 g, 4.25 mmol) in CH2C12 was 
added. The reaction mixture was stirred at rt 
for 3 h, filtered, and then concentrated. The 
residue was partitioned between EtOAc and 
water. The organic layer was washed with 
saturated NaCl, dried over M gS 04, filtered 
and concentrated to afford a yellow oil (2.186 
g, 99%). 'H N M R  (CDC13): S 8.03 (1 H, d, 
7  =  8.2 Hz, Ph), 6.87 (1 H, d, 7  =  8.2 Hz, Ph), 
6.76 (1 H, s, Ph), 4.24 (2 H, m), 3.91 (2 H, m), 
3.72 (2 H, m), 3.61 (2 H , m), 3.53 (2 H, m),
3.31 (2 H, m), 2.90 (s, 4 H, C H .CH ^, 1.43 (9 
H, s, C(CH3)3). FABMS: m /z  575 ([M +  H ]+); 
HRFABM S Calcd for C24H 30F3N 4O9 ([M +  
H ]+): 575.1965; Found: 575.1973. Anal. Calcd 
For C24H 29F3N 4O9-0.5 H 20 : C, 49.40; H, 5.18; 
N, 9.60. Found: C, 49.55; H, 5.35; N , 9.35.
N  - [2- [2- [2- (2- tert - Butoxycarbonylamino - 
ethoxy)ethoxy] ethoxyj- 4-[3- (trifluoromethyl)- 
3 H - diazirin - 3 - yljbenzoyl]- 1,3- bis(D - gluco- 
pyranose-4-yloxy)-2-propylamine (10). —
Compound 9 (0.162 g, 0.28 mmol) was dis­
solved in D M F  (2.5 mL) and compound 4 
(0.162 g, 0.17 m mol) was added in 3 mL of 0.1 
M N a H C 0 3. The reaction mixture was stirred 
at rt for 12 h. The product was then applied to 
a column o f  Amberlite IRN-150L (2 mL, neu­
tral form) and was washed through the 
column with water. The eluate was concen­
trated and the product was purified with silica 
column chromatography (13:5:1 CHC13-  
CH3O H -w ater) to afford a colourless oil 
(0.131 g, 88%). ‘H N M R  (D 20): 8 7.88 (1 
H, d, J  = 8.2 Hz, Ph), 7.05 (1 H, d, 7 = 8 . 2
Hz, Ph), 6.89 (1 H, s, Ph), 5.23 (1 H, d, 7 =  3.6 
Hz, 1-a), 4.44 (1 H, d, 7  =  7.6 Hz, 1-P), 4 .4 0 -  
3.20 (29 H, m), 1.37 (9 H , s, C(CH3)3). 
FABMS: m /z  875 ([M +  H ]+). H RFABM S  
Calcd for C35H 54F3N 40 18 ([M +  H ]+):
875.3385; Found 875.3370.
N - [2-[2-[2-(2-aminoethoxy)ethoxyJethoxy]- 
4 -  [3- (trifluoromethyl) - 3H  - diazirin - 3 -  y lj­
benzoyl] 1,3 - bis(D - glucopyranos - 4 -  y loxy)- 2- 
propylamine (11).— Trifluoroacetic acid (1 
mL) was added to compound 10 (0.181 g, 0.21 
mmol) in CH2C12 (1 mL) at 0 °C  and the 
mixture was stirred for 0.5 h. The reaction 
mixture was concentrated and then redis­
solved in water (2 mL). The solution was 
passed through a 3 mL column o f  Amberlite 
IRA-93 (OH form) and the product was 
washed through with distilled water. The elu­
ate was concentrated to afford colourless oil 
(0.138 g, 86%). FABM S m /z  775 ([M +  H ]+).
N - / 2 - / 2 - / 2 - ( 2 - (N  - biotinylcaproylamino)- 
ethoxyjethoxyjethoxy] - 4 - [ 3 - (trifluoromethyl)- 
3H  - diazirin - 3 - yljbenzoyl] 1,2 - bis(gluco- 
pyranosyl-4-yloxy)-2-propylamine (12).— N - 
biotinyl caproic acid succinimide ester (0.301 
g, 0.66 mmol) was dissolved in D M F  (2 mL). 
To this solution compound 11 (0.464 g, 0.60 
mmol) in 0.1 M N a H C 0 3 (2 mL) was added 
at rt and the reaction mixture was stirred for 
12 h. The reaction mixture was then concen­
trated. The residue was dissolved in water and 
applied to a column o f Amberlite IRN-150L  
(2 mL, neutral form) and the product was 
washed through the column with distilled wa­
ter. The eluate was then concentrated to af­
ford pale-yellow oil. The eluate was 
concentrated and the product was purified 
with silica column chromatography (13:5:1 
CHCl3-C H 3O H -w ater) to afford a colourless 
oil (0.271 g, yield 37%). 1H  N M R  (C D 3OD): 5 
7.95 (1 H, d, 7 = 8 . 2  Hz, Ph), 7.02 (1 H, d, 
7 =  8.2 Hz, Ph), 6.85 (1 H, s, Ph), 5.10 (1 H, d, 
7 = 3 . 6  Hz, 1-a), 4.58 (1 H, d, 7 = 7 . 6  Hz, 
1-P), 4 .40-2 .80  (37 H, m), 1 .80-1 .20  (10 H, 
m). FABMS: m /z  1114 ([M +  H ]+). H R ­
FABM S m /z  ([M +  H ]+) Calcd for 
C46H 71F 3N 70 19S: 1114.4478; Found
1114.4530.
N  - [2 - [2 - [2 - (2 - (2 - Biotinyljethylamido]- 
3,3' - dithiodipropionylamino)ethoxy)ethoxyj- 
ethoxvl- 4 - [3 -  (trifluoromethyl) - 3H - diazirin-
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3-yl]benzoyl]l,3-bis(D-glucopyranos-4-yloxy)- 
2  - propylamine (13).— [2 - (Biotinyl)ethyl- 
■ amido]-3,3'-dithiodipropionic acid V-hydroxy- 
succinimide ester (0.105 g, 0.18 mmol) was 
dissolved in D M F  (1 mL). To this solution, 
compound 11 (0.163 g, 0.21 mmol) in 0.1 M  
N a H C 0 3 (0.5 mL) was added at rt and the 
reaction mixture was stirred for 12 h. The 
reaction mixture was then concentrated. The 
residue was dissolved in water and applied to 
a column o f  Amberlite IRN-150L (2 mL, neu­
tral form) and the product was washed 
through the column with distilled water. The 
eluate was then concentrated to afford pale 
yellow oil. The eluate was concentrated and 
the product was purified with silica column 
chromatography (50:25:1 CHC13-C H 30 H -  
water) to afford a colourless oil (0.089 g, yield 
40%). *H N M R  (CD 3OD): b 7.42 (1 H, d, 
J  =  8.2 Hz, Ph), 7.10 (1 H, d, 7 =  8.2 Hz, Ph), 
6.90 (1 H, s, Ph), 5.23 (1 H, d, 7 = 3 . 6  Hz, 
1-a), 4.60 (1 H, d, 7 = 7 . 6  Hz, 1-0), 4 .50-4 .20  
(4 H, m), 4 .00 -3 .20  (28 H, m), 3 .0 -2 .50  (14 
H, m), 2.25 (2 H, m), 1 .80-1 .40 (6 H, m). 
FABMS: m /z  1235 ([M +  H ]+). H RFABM S  
m /z  ([M +  H ]+) Calcd for C48H 74F3N 8O20S3: 
1235.4117; Found 1235.4134.
Photoaffinity labelling o f  GLUT1.— Human 
GLUT1 was prepared as described by Bald­
win and Lienhard.16 GLUT1 (10 pg) and com ­
pound 12 or 13 (0.25 nmol) were suspended in 
0.1 M NaCl, 1 m M  ED T A, 50 mM sodium  
phosphate buffer pH 7.4 (23 pL) at rt for 10 
mm. Where indicated in the figure legends, 
D-glucose was included for competitive inhibi­
tion. The mixture was irradiated three times 
for 30 s with 30 s intervals between successive 
irradiations at 0 °C in a Rayonet photochemi­
cal reactor using 300 nm lamps. The solution 
was then centrifuged at 400,000g at 4 °C for 
30 mm. The pellet was resuspended in (20 pL) 
o f  1 mM E D T A , 50 m M  Tris pH 7.4. A  
sample (0.5 pg) was then subjected to elec­
trophoresis on a 10% acrylamide gel and 
transferred to nitrocellulose. The nitrocellu­
lose was blocked for 1 h in 10% skimmed milk 
suspended with 0.1% Tween 20, Tris-buffered 
saline pH 7.4 (T-TBS), washed twice with 
T-TBS for 5 min and immersed in Extravidin 
peroxidase (a 1:4000 dilution o f the manufac­
turers solution) with 1% skimmed milk in
T-TBS for 40 mm. After washing 6 times with 
T-TBS for 5 min, the membrane was im­
mersed in chemiluminescence reagents for 1 
min and exposed to film for 0.5 min.
Photoaffinity labelling o f  GLUT4.— Rat 
adipocytes isolation, Kx measurements, and 
U V  irradiation for labelling experiments were 
carried out as previously described. After la­
belling, cell samples were homogenised in 
HES buffer (255 mM sucrose, 1 mM EDTA, 
20 mM  HEPES, 1 pg/mL antipain, aprotinin, 
pepstatin, leupeptin and 100 pM 4-(2- 
aminoethyl) benzenesulfonyl fluoride hydro­
chloride (AEBSF), pH 7.2). Homogenates 
were washed once with HES buffer and sub­
jected to centrifugation (554,000g for 30 min 
at 4 °yC) to obtain a total membrane fraction. 
This pellet was solubilised in PBS pH 7.2, with 
2% o f  Thesit (C12E9) and protease inhibitors 
(antipain,aprotinin, pepstatin, and leupeptin 
each at a concentration o f  1 pg/mL and 100 
pM AEBSF). The samples were solubilised for 
50 min at 4 °C with rotation and were then 
subjected to centrifugation (20,000g for 20 
min at 4 °C). Biotinylated proteins in the su­
pernatants were either immuno-precipitated 
using a GLUT4 antiserum as previously 
described6 or were precipitated1, with strep­
tavidin beads (Pierce, Rockford, IL). Follow­
ing G LUT4 immuno-precipitation complexes 
were released into electophoresis sample 
buffer (62.5 mM Tris, pH 6.8, 2% SDS, 10% 
glycerol) at rt. The steptavidin precipitates 
were washed four times with PBS buffer con 
taining 1% Thesit with protease inhibitors, 
four times with PBS containing 0.1% Thesit 
plus protease inhibitors and once in PBS. 
Electrophoresis sample buffer was added to 
each pellet. The sample was then heated to 
95 °C for 30 min. The samples were subjected 
to centrifugation (2,300g for 1 min) and the 
supernatants were removed. The pellets were 
washed with additional electrophoresis sample 
buffer, heated to 95 °C for 30 min and resub­
jected to centrifugation. Mercaptoethanol was 
added (10% final concentration) to the above 
samples in the electrophoresis sample buffer 
and these were then subjected to SDS-PAGE  
(10% gel). Proteins were transferred to nitro­
cellulose membranes. Membranes were 
blocked with 5% non-fat milk in TBS-0.1%
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Tween (TBS-T) and washed six times with 
TBS-T. Membranes were then incubated with 
affinity purified anti-GLUT4 C-terminal 
antibody18 in TBS-T containing 1% BSA (2 h 
at rt), followed by washing (6 times in TBST) 
and detection using secondary antibody linked 
to horseradish peroxidase. GLUT4 protein 
was visualised with enhanced chemilumines- 
cence (ECL). Pmoles o f labelled G LUT4 were 
determined by comparison with a GLUT4  
standard protein as described.17
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